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ABSTRACT
Kinematics and Timing of Normal Faulting 
in a Metamorphic Core Complex:
Grouse Creek Mountains, Utah
by
Jay C. Sheely
Dr. Michael L. Wells, Examination Committee Chair 
Associate Professor o f Geology 
University of Nevada, Las Vegas
The Middle Mountain shear zone (MMSZ) and the brittle Upper detachment, two 
west-dipping normal fault systems, and the 25.3 Ma Red Butte stocks are exposed in a 
metamorphic core complex in northwest Utah, in the central Grouse Creek Mountains. 
‘‘^ Ar/^Vr thermochronology and kinematic studies indicate two periods of motion along 
the MMSZ in Eocene and Late Oligocene to Early Miocene time and motion along the 
sub-parallel Upper detachment in Middle Miocene time. Eocene fabrics record top-to- 
the-305 noncoaxial shear and are cut by the Red Butte stock and associated leucocratic 
dikes and sills. The Oligo-Miocene fabric exhibits a foliation parallel to the first, records 
top-to-the-275 noncoaxial shear, deforms the Red Butte stocks and overprints the Eocene 
fabric within 50 meters beneath the Middle detachment fault. Improvements are proposed 
to an existing model depicting roughly simultaneous bivergent exhumation and support is 
given to ‘thermally triggered’ models of extension for metamorphic core complexes.
Ill
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CHAPTER 1 
INTRODUCTION
During an intense period of crustal deformation in the Mesozoic and earliest 
Tertiary, western North America experienced large magnitude shortening during the 
Sevier orogeny followed by mid to late Tertiary Basin and Range extension. The Sevier 
orogeny created east-vergent, low-angle thrust faults and related folds in the foreland fold 
and thrust belt from southern Nevada, through Utah and Idaho to southern Canada (Figure 
1) (Armstrong, 1968; Allmendinger, 1992) and ductile deformation and metamorphism of 
deeper crustal levels in the hinterland (Snoke, 1980; Armstrong, 1982; Camilleri et al., 
1997; Wells, 1997). Basin and Range extension since 40 Ma in the Sevier hinterland 
produced a series o f north trending mountain ranges and parallel basins bounded by 
normal faults. Following the Sevier orogeny and during Basin and Range extension, a belt 
of isolated mountain ranges displaying remarkably similar metamorphic rocks were 
formed. These mountain ranges, termed ‘metamorphic core complexes’ (MCC), are 
manifestations of large-scale extension and occur in the immediate hinterland of the 
Sevier orogenic belt, except in Arizona and northern Mexico. Many workers (e.g. 
Crittenden et al., 1980; Wernicke, 1981; Lister and Davis, 1989) have contributed to the 
understanding of these enigmatic structures.
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Albion, Raft River, Grouse Creek 
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Figure 1 : Map o f western North America showing distribution o f Cordilleran 
metamorphic core complexes (solid fill) in relation to the Sevier thrust belt. Note that 
with the exception o f the southernmost complexes, all occur in the hinterland o f the 
Sevier thrust belt. Modified after Coney, 1980.
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Metamorphic core complexes are intricate geologic phenomena now recognized 
as fundamental products of large-magnitude extension that possess several distinctive 
features. Core complexes are generally comprised of one or more stacked allochthonous 
sheets separated by low-angle detachment faults which overlie a metamorphic 
infrastructure commonly including Precambrian basement rocks, Mesozoic or Cenozoic 
plutonic rocks, or Paleozoic metasedimentary rocks. Ductile shear zones are commonly 
associated with the detachment faults and can deform rocks o f the metamorphic-plutonic 
infrastructure as well as the allochthons. The uppermost allochthon is unmetamorphosed 
or metamorphosed at a distinctly lower grade than the lower allochthons and 
infrastructure (Coney, 1980). Many core complexes are intruded by Tertiary stocks whose 
timing closely coincides with motion along the shear zone.
The Albion, Raft River and Grouse Creek mountains (ARG) are a North 
American Cordillera metamorphic core complex (Figure 2). The structure of this core 
complex is dominated by two oppositely verging detachment faults with related shear 
zones; the top-to-the-west Middle detachment and Middle Mountain shear zone (MMSZ) 
and the top-to-the-east Raft River detachment and shear zone (Malavieille, 1987a; Saltzer 
and Hodges, 1988; Wells et ah, 2000) which both overprint an older north-vergent shear 
zone (Di) (Compton et ah, 1977; Malavieille, 1987b). Another unnamed, brittle normal 
fault, tentatively called the Upper detachment, transported Upper Permian, Triassic and 
Middle to Late Miocene rocks upon Mississippian rocks in the field area along the 
western flank of the ARG (Compton, 1983). Motion along the MMSZ has been 
interpreted to have occurred during two distinct periods of deformation (Compton, 1983; 
Wells et ah, 1997a) during the Eocene (Ü2a) (Compton et al, 1977; Wells et ah, 2000a)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2: Simplified geologic map o f  the Albion, Raft River and Grouse Creek 
mountains (ARG). Northwest trending lines represent rocks bearing Middle 
Mountain shear zone fabrics and east-northeast trending lines represent Raft 
River shear zone fabrics. M odified from Wells (2001).
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and from Late Oligocene to Middle Miocene (D2b) (Wells et al., 1997a) or alternatively 
during a single phase of motion from the Eocene to late Oligocene (Saltzer and Hodges, 
1988; Forrest et al., 1994). Metamorphism, faulting, folding and multiple shear events 
(Compton et al., 1977; Todd, 1980; Malavieille, 1987b; Wells, 1997) have made the 
structural history of the Grouse Creek Mountains complex and seemingly contradictory. 
Despite this, the Grouse Creek Mountains are well suited for kinematic analysis, 
thermochronology and for providing insights into Sevier hinterland deformation.
Purpose
This thesis seeks to clarify the structural, thermochronological and kinematic 
relationships between the Middle Mountain shear zone. Middle detachment and Upper 
detachment and the role they played during the exhumation of Archean basement in the 
evolution of the ARG. Furthermore, a major goal is to differentiate two periods of ductile 
shearing along the MMSZ, D2A and D 2B, which have been previously interpreted based on 
studies in the Grouse Creek Mountains (Compton, 1983) and at Vipont Mountain (Wells 
et ah, 1997a) (Figure 2). The principle question to be addressed is how D2B may be 
distinguished from D2A by considering the following sub-questions: what is the spatial 
extent of the D2A and D2B shear zones, when and at what temperatures did shearing 
during D2A and D2B occur, and how are the D2A and Die shear zones related to the Red 
Butte stocks? Also, when were the Middle and Upper detachments active? Answers to 
these questions will help to complete the geologic understanding of the Cenozoic 
exhumation of the central Grouse Creek Mountains.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Methodology
This thesis combines three techniques to describe the geometry, kinematics, 
temperature and timing of motion along the Middle Mountain shear zone and Middle 
detachment, and the timing of motion along the Upper detachment. First, field mapping 
of structural features were used to delineate the spatial distribution and geometry of 3 
different generations of ductile fabrics and two detachment faults. Second, 12 mineral 
separates of biotite, phlogopite, muscovite, hornblende and K-feldspar from 9 rock 
samples were prepared and dated using the “^ °Ar/^^Ar method at the Nevada Isotope 
Geochronology Laboratory (NIGL) at UNLV under the supervision of Dr. Terry L. Spell. 
These new '^°Ar/^^Ar apparent ages provide timing and temperature constraints for Eocene 
through Early Miocene motion along the Middle detachment and Middle Mountain shear 
zone, and Middle Miocene motion along the Upper detachment. Aided by computer 
software (Lovera, 1992), cooling histories from three K-feldspar separates were 
constructed using calculated kinetic parameters for argon diffusion. Third, a kinematic 
analysis was preformed from mylonitic and ductiley deformed rocks of various lithologies 
in the core complex. Conclusions are drawn from an analysis of lattice-preferred 
orientation of quartz c-axes from 5 oriented samples of Proterozoic quartzite in the lower 
allochthon as well as observations of microstructures in other formations in thin section 
and hand sample.
Significance
This thesis presents thermochronologic, kinematic and map data that support the 
hypothesis that the Middle Mountain shear zone experienced two temporally distinct
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
periods of motion. This study is significant because clear distinctions between the D?* 
and Dig shear zones have not yet been reported and because top-to-the-west shearing has 
previously been interpreted to have occurred during a single shearing event (Malavieille, 
1987a; Saltzer and Hodges, 1988; Forrest et ah, 1994). Also significant are the kinematics 
and timing of bivergent extension between the Middle Mountain shear zone and the Raft 
River shear zone. Should the ARG be considered a type-example for simultaneous 
bivergent extension as has previously been proposed (Malavieille, 1993)? This study 
demonstrates possible simultaneous motion along the Raft River and Middle Mountain 
shear zones in Miocene time and significant simultaneous motion between the oppositely 
verging brittle Upper detachment and the Raft River shear zone and detachment in 
Middle to Late Miocene time; therefore, Malavieille’s (1993) model is largely applicable 
to the ARG.
This study is also relevant to an ongoing debate regarding the relationship 
between magmatism and extension; do intrusions thermally weaken the crust, thus 
facilitating extension (Lister and Baldwin, 1993; Hill et ah, 1995; Spencer et ah, 1995) or 
alternatively, does decompression due to unroofing during extension trigger magmatism 
(Hawkesworth et ah, 1995; Patino-Douce, 1999)? Results from this study suggest that 
extension closely followed the intrusion o f the Red Butte stocks and that Dis extension 
may have been triggered by this intrusion.
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CHAPTER 2
REGIONAL GEOLOGIC AND TECTONIC SETTING AND STRUCTURAL
GEOLOGY
In the 1960s, Peter Misch observed many large-scale low-angle décollements in 
metamorphic terranes in several widely scattered mountain ranges within the Sevier 
hinterland (Figure 1) that expressed strikingly similar characteristics. However, the 
significance of this widespread metamorphism and the origin o f these hinterland faults 
remained elusive. Until the early 1970s, all low-angle, younger-on-older detachment 
faults were interpreted as thrust faults based on classical rock mechanics theory (e.g.
Felix, 1956; Misch, 1960; Todd, 1973). The geometry required for such a younger-on- 
older thrust fault was excessively complex. Armstrong (1972) reinterpreted these 
structures as low-angle normal faults and shear zones and called for a reinterpretation of 
many hinterland faults. It wasn’t until the late 1970s when researchers (Compton et al., 
1977; Brown, 1978; Coney, 1980; Davis, 1980; Armstrong, 1982) reinterpreted low-angle 
décollements in many mountain ranges and termed them ‘metamorphic core complexes’ 
(Coney, 1980). By 1980, Cordilleran metamorphic core complexes were generally 
accepted as an exciting new addition to North American geology and the geology of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
highly extended regions worldwide with many details concerning their formation yet to 
be worked out.
About twenty-five individual core complexes have been identified in North 
America and all are thought to be associated with post-Sevier extension (Coney, 1980). 
Many MCC have now been recognized in other major orogenic systems throughout the 
world and are considered fundamental tectonic features of major crustal extension (see 
review by Wernicke and Spencer, 1999). Except for the southernmost core complexes, 
Cordilleran MCC lie in the immediate hinterland of the Mesozoic Sevier orogenic belt 
(Coney, 1980) and occur in a slender winding chain stretching from northern Mexico to 
southern Canada (Figure 1).
Cordilleran metamorphic core complexes typically possess a foliated 
parautochthon of Precambrian basement and Tertiary intrusions overlain by one or more 
stacked allochthonous sheets of distinctly lower metamorphic grade separated by low- 
angle detachments. Typically, the structurally lowest detachment rests directly upon 
plutonic and/or high-grade metamorphic core rocks which, in the case of the Albion- 
Grouse Creek-Raft River complex, are Precambrian orthogneiss and metasedimentary 
units intruded by Eocene and Oligocene granitic rocks (Compton et ah, 1977). The 
hanging wall often is highly fractured by high-angle, brittle normal faults (Crittenden et 
ah, 1980; Wernicke, 1981). Many Cordilleran core complexes bear evidence of a 
Mesozoic shear fabric that is progressively overprinted by one or more Tertiary shearing 
events (Coney, 1980; De Witt, 1980; Wells et ah, 1997a). Foliation in metasedimentary 
rocks and detachments are parallel or subparallel to bedding and rarely dip greater than 20 
-  30° (Coney, 1980; Lee et ah, 1987).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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During tectonic exhumation, the detachment progressively rotates to a lower angle 
and commonly is deformed into a domal or in some cases, polydomal shape (Armstrong, 
1968b; Coney, 1980; Lister and Davis, 1989) due to an incompletely understood 
combination of extension induced isostatic adjustment and plutonism (Wernicke and 
Axen, 1988; Lister and Davis, 1989; Reynolds and Lister, 1990; Lister and Baldwin,
1993) (Figure 3). Several such domes, including the tentatively termed ‘Red Butte dome’ 
in the Grouse Creek Mountains, are present in the ARG and each are generally several 
kilometers across (Armstrong, 1968b).
The Sevier orogeny and subsequent extension
Understanding the effects and resulting geometries of the Mesozoic contractional 
orogen and related contemporaneous low-angle extensional faults in western North 
America is important towards understanding the geology of the Grouse Creek Mountains. 
Resting within the hinterland of the Sevier orogenic belt, the Grouse Creek Mountains 
owe much of their geologic structure to the Sevier orogeny and several subsequent, 
closely related geologic events.
The Sevier orogeny occurred during the Mesozoic and earliest Tertiary and its 
dominant structures are east-vergent, low-angle thrusts soling into a lower angle master 
décollement at depth (Armstrong, 1968; Allmendinger, 1992; Burchfiel et ah, 1992). This 
orogenic belt is thought to have resembled an orogenic wedge (Platt, 1986; Camilleri et 
ah, 1997) and as such, experienced syncontractional extension (e.g., the Mahogany Peaks 
fault; Wells et ah, 1998). Late Cretaceous extension in the hinterland of the Sevier 
orogenic belt (Wells et ah, 1990; Hodges and Walker, 1992; Wells, 1997) (Figure 1)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 3 : Stages o f evolution for a typical metamorphic core complex. 
Modified from Lister and Davis, (1989).
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acted as a mechanism for reducing the lateral gradients in gravitational potential energy 
resulting from tectonically overthickened crust. This period o f extension occurred while 
regional compressional forces responsible for the Sevier orogeny were still present. Other 
factors such as change in erosion rate, surface slope, and rock rheology can also act to 
influence whether contractionally over-thickened crust will extend.
The Sevier hinterland is located between the Sevier fold and thrust belt and the 
®^ Sr/®^Sr 0.706 line (Figure 1), a commonly used isotopic proxy for the western edge of 
continental basement of North America (Kistler and Peterman, 1973). Accompanied by 
plutonism and metamorphism and responsible for exposing basement rocks (Coney,
1980; Armstrong, 1982), large-scale detachment faults formed during gravitational 
collapse of the Sevier orogen and were fundamental in the formation of Cordilleran 
metamorphic core complexes. It has been proposed that, during initial development, these 
detachment faults were rooted in the deep crust and possibly in the mantle (Wernicke, 
1981; Lister and Davis, 1989). Most MCC are thought to be directly linked to the 
architecture of the Sevier orogen (Coney and Harms, 1984; Hodges et al., 1992). The 
collective spatial pattern of MCC aligns with the region of crust that had been previously 
tectonically thickened into a crustal welt in the Mesozoic (Armstrong, 1982). Thickness 
estimates for this crustal welt in the early Tertiary are -50  to 60 km (Coney and Harms, 
1984), towards the upper range for continental crustal thickness typical of orogenic 
plateaus (van der Pluijm and Marshak, 1997). The relaxation of intraplate compressional 
stresses (driving force) present during the Sevier orogeny would have contributed to the 
initiation of extension by releasing the potential energy stored within the crustal welt
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(Sonder and Jones, 1999). These thickness estimates imply the presence of a major 
Andean type orogenic plateau in western North America (Coney and Harms, 1984).
Aside from the tendency of overthickened crust to spread under its own weight 
(Dewey, 1988), post-Sevier extension was aided and influenced by an incompletely 
understood combination of several other mechanisms. Important mechanisms that may 
have contributed to Tertiary extension include; a northward traction imparted by the 
Farallon plate to the overriding North American plate by coupling (Sonder and Jones, 
1999), a reduction in subduction rate (Engebretson et al., 1985), and the removal of the 
Farallon slab beneath western North America (Humphreys, 1995). Also, widespread 
igneous activity, which is a fundamental component in MCC evolution, would have 
added heat to the crust thus lowering viscosity and thereby facilitating extension. The 
timing of motion along detachments in Cordilleran core complexes is commonly coeval 
with widespread plutonism and controversy exists over the exact relationship between the 
initiation o f extension and igneous activity (Lister and Baldwin, 1993; Forrest et al.,
1994; Wells et al., 1997a; M iller and Bedford, 1999; Sonder and Jones, 1999). This 
debate is addressed below.
Models of core complex formation 
Kinematic relationships between hinterland core complexes and the Sevier 
orogeny, and the role of intruding plutons during Tertiary extension have yet to be 
satisfactorily explained. Although there is general agreement on several details 
concerning MCC, such as progressive footwall uplift (Wernicke and Axen, 1988; Lister 
and Davis, 1989; Malavieille, 1993) and deep-seated initial motion along the décollement
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(Wernicke, 1981; Coney and Harms, 1984), some questions remain controversial. In 
particular, (1) the validity o f the bivergent extension model (Malavieille and Taboada, 
1991) and the relative role of pure and simple shear in core complex formation (e.g. 
Wernicke, 1981; Miller et al., 1983; Malavieille and Taboada, 1991), (2) the relationship 
between magmatism and extension (Lister and Baldwin, 1993; Forrest et al., 1994; 
Hawkesworth et al., 1995; Spencer et al., 1995; Miller and Bedford, 1999; Patino-Douce, 
1999) and (3) the initial orientation of presently low-angle detachment faults (e.g. 
Wernicke, 1981; Wernicke and Axen, 1988; Buck, 1988) are subjects of debate. This 
thesis will address the first two questions as they apply to the ARG and all three questions 
are outlined briefly below.
(1) Validity of the bivergent extensional model
The timing of motion along the Middle Mountain shear zone (Saltzer and Hodges, 
1988) and Raft River detachment (Wells et ah, 2000a) is reasonably well constrained but 
as yet insufficient to produce a comprehensive model demonstrating the temporal 
sequence of extension. Malavieille and Taboada (1991) proposed simultaneous bivergent 
extension as a mechanism to return the overthickened crust to its pre-orogenic thickness 
(Figure 4), and the Albion-Raft River-Grouse Creek core complex has been cited as a 
type example (Hetzel et ah, 1995). However, Wells et ah (2000a) suggested this model 
may not be directly applicable because motion along the décollements was apparently not 
simultaneous for extended periods of time but rather alternated between the Middle 
Mountain shear zone and Raft River shear zone (RRSZ) (Figure 5). New 
thermochronologic data presented in this thesis suggests the possibility that exhumation
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of the core complex evolved from asymmetric extension along the MMSZ in Eocene time 
to possible symmetric bivergent extension along the RRSZ and MMSZ in the latest 
Oligocene to Early Miocene to substantial symmetric bivergent extension along the 
RRSZ and Upper detachment from the Middle to Late Miocene. In Chapter 6, the models 
for development o f the ARG proposed by Malavieille (1993) and Wells et al. (2000a) are 
evaluated based on new thermochronologic and kinematic data, modifications to the latter 
model are proposed.
(2) Relationship between extension and magmatism
Extension and magmatism appear to be linked closely in time in core complexes, 
however considerable controversy exists concerning the causality between the two and 
the applicability and validity of various proposed models. Granitic plutons of Tertiary or 
latest Cretaceous age intrude footwall rocks in most MCC (Coney, 1980; Lister and 
Baldwin, 1993) and many appear to have intruded during shearing. What is the 
relationship between the initiation of extension and intruding igneous bodies 
(Hawkesworth et al., 1995; Spencer et al., 1995)? It has been proposed that igneous 
intrusions thermally weaken the crust thus facilitating extension (Lister and Baldwin, 
1993; Forrest et al., 1994; Hill et al., 1995; Spencer et al., 1995; Spell et al., 2000) 
because plastic deformation mechanisms rely on diffusion, diffusion rates increase 
exponentially with increasing temperature and the strength of plastically deforming rocks 
decreases with increasing temperature. According to this model, extensional forces would 
be insufficient to induce widespread denudation faulting without a large thermal input 
from intruding magmatic bodies to weaken the crust. Also, the addition of significant
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amounts of magma to the base o f a MCC may explain why core complexes are both areas 
of extreme extension and local topographic highs (Hill et al., 1995). Alternatively, it has 
been proposed that decompression due to extension may trigger synchronous magmatism 
(Hawkesworth et al., 1995; Patino-Douce, 1999). In the Grouse Creek Mountains, two 
temporally distinct periods of extension in Eocene time and Oligo-Miocene time and 
apparently synchronous magmatism with Oligocene extension reinforce extension as such 
a mechanism.
(3) Initial orientation of the detachment
Considering whether large scale detachment faults begin motion at a low angle or 
at a relatively high angle is important when interpreting the timing of the onset of 
extension along the MMSZ and/or the Upper detachment. This angle is significant 
because thermal histories involving low-angle detachment faults often exhibit a time lag 
between the start of extension and the onset of associated cooling (Ketchum, 1996; Wells 
et al., 2000a). Low-angle normal faults are not as efficient as high-angle normal faults at 
transporting rocks to the surface and consequently experience a greater time lag between 
extension and cooling than high-angle faults.
The initial orientation of detachment faults in core complexes is a contentious 
point and one of the main differences between models focusing on the evolution of 
Cenozoic detachment faults. Several models propose that low-angle detachments may 
root in the upper mantle (Wernicke, 1981; Malavieille, 1993) or lower-middle crust 
(Coney and Harms, 1984; Lister and Davis, 1989) despite the prediction of high initiation 
angles (-60°) of normal faulting in classic Andersonian fault theory. In such models, low-
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angle detachment faults would initiate below the relatively high-strength middle crust in 
the lower crust or upper mantle, propagate through the upper crust and motion would 
occur along one or more normal faults or shear zones. Late stage low-angle normal faults 
may be influenced by established low-angle foliation developed during earlier shearing, 
low-angle rheological boundaries (Wells, 2001), and a rotated stress field (Lister and 
Davis, 1989). Supporting models with initially low angle décollements is the Raft River 
detachment and shear zone which, assuming sub-horizontal paleo-isotherms, initially 
dipped between 7 and 30° and developed sub-parallel to an unconformity between 
granitic core rocks and overlying metasedimentary rocks (Wells, 2001).
Alternatively, detachment faults may initiate at a high angle, only to be rotated to 
presently observed lower angles during evolution o f the core complex (Cans and Miller, 
1983; Davis, 1987; Buck, 1988). Such models include a series o f high-angle normal 
faults, connected to a master detachment at depth, which rotate to lower angles as the 
footwall bows upward due to flexural uplift (Buck, 1988), or a single high-angle 
detachment that passively rotates during extension (Davis, 1987). Concerning the ARG, if 
the Middle Mountain shear zone and Upper detachment were to have initiated at high- 
angles and then rotated to the presently observed low angles of 15-20°, then any delay 
between extension and the onset of related cooling would be relatively small. However, 
for initial low angle orientations, the time lag between extension and cooling would be 
relatively long. Using a slip rate of 5mm/year and an initial dip of 26.6°, Ketchum (1996) 
predicted that cooling could follow extension by as much as ~4 m.y. This angle is 
significant because if the Upper detachment remained at a low angle throughout its active
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life, then the presence and magnitude of a time lag must be taken into consideration when 
interpreting thermochronologic data.
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CHAPTER 3
GEOLOGY OF THE ALBION, GROUSE CREEK AND RAFT RIVER MOUNTAINS
FROM PREVIOUS WORK
The Grouse Creek Mountains occupy the southwest comer o f a metamorphic core 
complex that also includes the Albion Mountains to the north and the Raft River 
Mountains to the north and east (Figure 2). The Albion-Raft River-Grouse Creek 
metamorphic core complex resides in the hinterland of the Sevier orogenic belt and south 
of the Snake River plain volcanic province. Multiple overprinting periods of ductile and 
brittle deformation beginning in the Mesozoic have provided a rich history of Mesozoic 
and Cenozoic tectonics and opportunities to study structural and geochronologic 
problems.
Stmctural geometries in northern Utah produced during the Sevier orogeny may 
have controlled initial geometries of the ARG core complex at the onset of Eocene 
extension. Following cessation o f Mesozoic east-vergent upper-crustal shortening, 
hinterland rock formations in northern Utah may have had a local west-dip from a relict 
thrust-ramp geometry (Armstrong, 1982). This orientation, combined with a striking 
rheological discordance between basement rocks and sedimentary and metasedimentary 
cover, facilitated west-directed motion along the Middle Mountain shear zone.
21
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No consistent system for the naming of the deformational fabrics has been 
adopted by the numerous workers in the region. Each new researcher (Compton et al., 
1977; Todd, 1980; Malavieille, 1987a; Wells et al., 1990) has used a different system 
depending on the area of interest resulting in the same fabric having more than one name. 
Deformational fabrics in this study are related to equivalent fabrics described in Wells et 
al. (1997a) in Table 1.
T ectonostratigraphy
The ARG can be separated into five structural units which are the parautochthon, 
the lower, middle and upper allochthons and Tertiary plutons (Figure 6 ). The pre-Tertiary 
stratigraphie units within the allochthons have been subjected to extreme attenuation 
during periods of deformation and metamorphism in the Mesozoic (Compton et al., 1977; 
Wells et al., 1990) and in the Eocene through Miocene (Compton et al., 1977; Todd,
1980; Wells, 1997).
The parautochthon is dominated by foliated Archean orthogneissic rocks (Aog) 
that intrude older schist and amphibolite (Green Creek complex) (Armstrong, 1968b; 
Compton et al., 1977). The Neoproterozoic Elba Quartzite is the uppermost unit of the 
parautochthon in the field area and is separated from the Green Creek complex by a 
regional unconformity. The orthogneiss (adamellite of Compton et al., 1977) was dated 
by the whole-rock Rb-Sr method by Compton et al. (1977) at 2.51±0.17 Ga. Two 
independent studies of inherited zircon in Oligocene granites (Red Butte stocks and 
Vipont intrusion) both yield U-Pb ages of 2.55 Ga (Egger et al, 2000; Wells, unpublished 
data). Scattered outcrops of schist, trondjemite and amphibolite occur within the
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Table 1: Comparison of deformation phase nomenclature.
Wells (1997) This studv
D, Top-to-the-NE shear Di
Ü 2 Top-to-the-west normal faulting
Ds Recumbent folding
Ü4 Middle detachment D2A and D;
D5 Open folding about N-S axes
Dô Raft River detachment
D7 Doming
Upper detachment D3
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orthogneiss. The trondjemite has recently been interpreted to represent a partial melt of 
the older schist resulting from the intrusion of the orthogneiss (Dudash et al., 2000; 
Dudash, 2001). Taken together, the older schist, amphibolite, trondjemite and orthogneiss 
make up the Green Creek Complex of Armstrong (1968b) and it is likely that the Green 
Creek Complex exists as a much larger basement complex beneath southern Idaho and 
northern Utah.
In the central Grouse Creek Mountains, the lower allochthon is composed entirely 
of units in the Raft River Mountains sequence of Miller (1983) (Figure 6 ). However, only 
the schist of Stevens Springs, quartzite of Clarks Basin and schist of Mahogany Peaks are 
present (Todd, 1973; Compton et al., 1977). The Neoproterozoic schist of Upper Narrows 
and quartzite of Yost were both tectonically excised from the field area. Wells et al.
(1998) concluded that the quartzite of Clarks Basin is most likely Neoproterozoic because 
abnormally high ô'^C values in marble interbeds within the quartzite are similar to those 
of other western North American Neoproterozoic rock units. A Neoproterozoic age for 
the quartzite of Clarks Basin suggests a Proterozoic age for the Elba Quartzite (Wells et 
al., 1998).
Directly above the quartzite of Clarks Basin in the field area, except for scattered 
slivers of the schist of Mahogany Peaks (Todd, 1973), is the middle allochthon. This 
allochthon is composed of Mississippian through Permian slates, quartzites and marbles 
which were metamorphosed in greenschist facies at temperatures of 350-400°C which is 
significantly lower than deformation temperatures experienced by the lower allochthon 
and parautochthon (Compton et al., 1977; Wells et al., 1997a, Wells et al., 1998).
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Separating the middle allochthon from the lower allochthon is the Middle detachment 
fault (Figure 6 ).
Above the middle allochthon is the unmetamorphosed upper allochthon (Compton 
et al., 1977). Comprised o f Permian, Triassic and Miocene Formations, the upper 
allochthon was emplaced upon the middle allochthon along a low-angle detachment fault 
(Todd, 1980; Compton, 1983) referred to as the Upper detachment. The upper allochthon 
is offset by numerous high-angle faults (Compton, 1983) which is consistent with models 
of MCC possessing high-angle normal faults that offset the uppermost allochthon but not 
the lower allochthons or the parautochthon (Wernicke, 1981; Wells, 1997).
The parautochthon in the field area was intruded by two lobes of the Oligocene 
Red Butte monzogranite and associated late-stage alaskite and aplite dikes and sills. 
Compton et al. (1977) dated the Red Butte stocks using Rb-Sr whole-rock geochronology 
at 24.9+0.6 Ma and Egger et al. (2000) dated zircon rims from the southern lobe of the 
Red Butte stocks using the SHRIMP U-Pb technique at 25.3±0.5 Ma. Due to their close 
proximity, the monzogranite stocks are likely connected at depth and may extensively 
underlie the parautochthon in the Grouse Creek Mountains. Both the alaskite and aplite 
dikes are restricted to the west flank of the ARG, in footwall rocks of the Middle 
detachment, occur in no other rock unit than the Archean orthogneiss and Red Butte 
stocks (with the exception of rare cm-scale sills in Mississippian rocks) and are either 
parallel or perpendicular to the penetrative foliation in the parautochthon (Figure 7)
(Todd, 1980). The Emigrant Pass pluton (Figure 2), south of the field area occurs as three 
lobes that are undeformed and cut large D2a folds and lineations, and have been dated at 
41.3±0.3, 36.1+0.2 and 34.3+0.3 Ma (Egger et al., 2000; SHRIMP U-Pb). Two other
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Figure 7: Photograph o f  west-dipping alaskite sills intruding the Archean 
orthogneiss (Aog). Alaskite intrudes the Aog parallel to foliation (as 
above) or vertically and perpendicular to Ljg. Foliation is dipping gently 
west. Hand sledge hammer for scale.
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Oligocene granitic intrusions occur in the ARG, the Vipont intrusion, which is deformed 
by the MMSZ (Wells et al., 1997b), and the Middle Mountain intrusive complex and the 
undeformed Almo pluton (interpreted to both be parts of the same pluton, Forrest et al.. 
1994). Monazite in the Vipont intrusion define a 27 Ma U-Pb age and the Almo pluton 
was dated at 29 Ma using U-Pb analysis of an igneous monazite. The effect that the 
southward sweep of igneous intrusions in Oligocene time had upon the timing of Tertiary 
detachment faults is still unknown.
Dominating the structure of the ARG core complex are two oppositely verging 
shear zone and detachment fault systems, the top-to-the-west Middle Mountain shear 
zone and Middle detachment and the top-to-the-east Raft River shear zone and 
detachment (Figure 5) (Todd, 1973; Compton et al., 1977; Malavieille, 1987a; Saltzer 
and Hodges, 1988; Wells, 2001). Each of these gently-dipping normal fault systems is 
composed of a ductile shear zone related to and occurring directly beneath a brittle 
detachment fault. The Middle Mountain shear zone occurs along the west flank of the 
core complex whereas the Raft River shear zone occupies the east flank (Figure 2). 
Preserved above and below these shear zones is an enigmatic Cretaceous fabric (D|) 
(Todd, 1980; Miller, 1980; Malavieille, 1987a; Wells, 1997). This older fabric gets 
progressively overprinted upwards in structural section as one approaches either the 
Middle Mountain shear zone or the Raft River shear zone.
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Structural sequence 
Di extension
Present throughout rocks in the ARG core complex, significantly above or below 
Tertiary décollements and shear zones, is a penetrative Cretaceous ductile fabric (D,) 
(Wells et al., 2000b). Foliation is subparallel to lithologie layering and in the mylonite 
zones directly below each Tertiary detachment fault, Dj is completely overprinted. The 
fabric of Di was formed by northward flow due to a combination of pure and simple 
shear. North-directed flow such as this was parallel to the overall transport direction 
during the Sevier orogeny. This interpretation is supported by c-axis measurements of 
quartz from the quartzite of Clarks Basin (Wells, 1997) and studies of kinematic 
indicators (Malavieille, 1987b).
Regionally, D| folds and lineations trend north-northwest to north-northeast 
(Compton et al., 1977; Todd, 1980, Miller, 1980). Phlogopite in strain fringes in the 
Pennsylvanian-Permian Oquirrh Formation of the middle allochthon was dated using 
insitu UV-laser ablation with the ‘’'’Ar/^^Ar method (Wells et al., 2000b). A weighted 
mean age of 18 analyses of 102.8±0.6 Ma was measured and isochrons were defined 
ranging from 101.8 to 108.1 Ma. Determining the parameters of the D| shearing event is 
difficult. Doming and ductile overprinting occurring during exhumation of the core 
complex have significantly disrupted the initial orientation of D| fabrics and structures 
significantly.
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Cretaceous normal faults 
Typical during the last stages of an orogeny, and predicted by numerical and 
analogue models o f orogenic wedges, are normal faults resulting from gravitational 
collapse of tectonically thickened lithosphere (Platt, 1986; Hodges and Walker, 1992; 
Willett, 1992; Buck and Sokoutis, 1994; Camilleri et al., 1997; Wells et al., 1998; Willett, 
1999). The Emigrant Springs and Mahogany Peaks faults in the Grouse Creek and Raft 
River Mountains have been interpreted as such normal faults (Wells et al., 1998) and 
have been tectonically excised in the field area by the Middle detachment but 
significantly affect the geology of the central Grouse Creek Mountains.
The Mahogany Peaks fault, within the lower allochthon, places the Garden City 
Formation over the schist of Mahogany Peaks (Figure 6) (Wells, 1997). Because this fault 
is sub-parallel to these units, Compton et al. (1977) originally interpreted the schist of 
Mahogany Peaks as being Cambrian and the contact separating these units as a 
depositional contact. Wells et al. (1998) reinterpreted this contact as a low-angle normal 
fault, the Mahogany Peaks fault, based on younger-on-older stratigraphie relationships 
determined by carbon isotopes, a metamorphic break of ~100°C and a discordance in 
muscovite cooling ages. A metamorphic break such as this suggests the Mahogany Peaks 
fault removed about 5 km of stratigraphie section (Wells et al., 1998). Dipping shallowly 
west, motion along the Mahogany Peaks fault has been bracketed by footwall cooling 
between 60 and 70 Ma.
The lower allochthon additionally exhibits five other normal faults of Late 
Cretaceous to Paleocene age (Wells, 1997), notably, the Emigrant Spring fault which 
places Pennsylvanian over Ordovician marble and removed Silurian, Devonian and
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almost all Mississippian rocks from the northern Grouse Creek Mountains (Figure 6) 
(Wells et al., 1998). The Emigrant Spring fault dips west (Wells et al, 1997) and also 
removed ~5 km of stratigraphie section. However, Mississippian rocks thicken towards 
the south and are 600-700 feet thick at Ingham Peak in the central Grouse Creek 
Mountains. Muscovite ‘‘'’Ar/^^Ar cooling ages from marble in the footwall and within the 
fault zone indicate that the fault was active prior to or during 90-88 Ma (Wells et al., 
1998). Both the Emigrant Spring and Mahogany Peaks faults and associated shear zones 
were active during the late stages of the Sevier Orogeny and are partly responsible for 
exhumation of the core complex (Wells et al, 1997; Wells, 1998).
M iddle Mountain shear zone and Middle detachment 
The Middle detachment and related Middle Mountain shear zone are the older and 
dominant of two Cenozoic normal fault systems in the ARG (Saltzer and Hodges, 1988), 
and the MMSZ deforms Archean (parautochthon) to at least Pennsylvanian-Permian 
rocks (middle allochthon). Movement along the MMSZ (Saltzer and Hodges, 1988) 
represents the second phase (D2) of penetrative deformation and is expressed as west- 
northwest trending elongation lineations and folds (Todd, 1980; Wells et al., 1997a) in a 
gently west-dipping foliation along the western margin of the MCC. In the field area, the 
Middle detachment, a low angle detachment fault resting upon the Middle Mountain 
shear zone, is a major discontinuity in stratigraphy and places Mississippian and younger 
rocks over Proterozoic rocks with slivers o f Ordovician rocks present in the central 
Grouse Creek Mountains (Figure 6) (Todd, 1973; Compton et al., 1977; Todd, 1980).
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Motion along the Middle Mountain shear zone (D2) is loosely bracketed between 
Middle and Late Eocene with more confidence placed upon the upper age constraint 
(Egger et al., 2000; Wells et al., 2000a; Wells, unpublished data). Using the ‘^‘’Ar/^^Ar 
method. Wells et al. (2000a) dated muscovite and biotite bearing rocks at 47.4 and 45.4 
Ma respectively from samples taken from Century Hollow in the western Raft River 
Mountains (Figure 2) in the footwall of the MMSZ, and interpreted these ages to 
represent cooling related to earliest west-directed motion along the MMSZ. In addition, 
''°Ar/^^Ar muscovite ages of 43 - 37 Ma from quartzite mylonite within the shear zone in 
the Clarks Basin and Dove Creek Pass areas (Figure 8) (Wells, unpublished data) are also 
interpreted to represent Eocene cooling due to motion along the MMSZ. An '’^ Ar/^^Ar 
muscovite age of 27 M a from annealed D 2A mylonite of the quartzite of Clarks Basin in 
Muddy Canyon was interpreted to represent thermal resetting from Oligocene granitic 
intrusions and implies that all D2A motion took place prior to the intrusion of Oligocene 
granites (Wells, unpublished data). Therefore D2A motion is loosely bracketed between 47 
and 27 Ma. However, the tightening of D2A age constraints in the future will be 
problematic because geochronometers recording D ia motion were likely reset the Eocene 
and Oligocene Red Butte, Vipont and Emigrant Pass intrusions.
The presence of west-trending elongation lineations in the 25.3 Ma Red Butte 
stocks suggests a period of ductile deformation younger than D2A (Compton et al., 1977; 
Compton, 1983; Wells et al., 1997a; Egger et al., 2000). In the northern Grouse Creek 
Mountains, a bimodal nature to west-northwest trending lineations is present in 
Precambrian and Tertiary intrusive rocks and also suggests the presence o f two Tertiary 
ductile shearing events (Wells et al., 1997a). Combining these two observations, one may
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deduce that pre-Miocene rock formations in the central Grouse Creek Mountains may 
bear evidence of two Tertiary shearing events and that a similar bimodal lineation may 
exist.
Ü2A deformational fabrics were formed at lower amphibolite to greenschist facies 
metamorphic conditions, increase in intensity from east to west (Miller et al., 1983), and 
document movement along a west rooted shear zone. Saltzer and Hodges (1988) used 
gamet-plagioclase-sillimanite-quartz geobarometry and gamet-biotite geothermometry to 
estimate the depth of initial motion on the Middle Mountain shear zone at 22 to 26 km.
Raft River detachment and shear zone 
The Raft River detachment and shear zone is an east-rooted normal fault system 
which separates Proterozoic footwall rocks from Proterozoic and Paleozoic hanging wall 
rocks. Younger than the MMSZ, this shear zone produced an east-west trending lineation 
(Dôin Wells, 1997) and an originally east-dipping foliation expressed in the central and 
eastern Raft River Mountains (Compton et al. 1977; Wells, 1997). Eocene motion along 
the MMSZ and simultaneous horizontal axis rotation of the footwall imparted an 
eastward dip in strata of the Raft River Mountains during footwall uplift which facilitated 
Oligocene (?) through Miocene motion along the Raft River shear zone (Wells et al., 
2000a; Wells, 2001). Resting on top of a 100 to 300 m-thick shear zone, the Raft River 
detachment overlies the schist member of the Elba Quartzite in the eastern Raft River 
Mountains and the schist of Upper Narrows in the central Raft River Mountains (Figure 
6). Movement along this shear zone occurred from 25 - 7.4 Ma with the greatest 
confidence placed in movement during 1 6 -7 .4  Ma. The Raft River shear zone had an
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initia] dip between 7 and 30° and an apparent slip rate of 7 mm/yr between 13.5 and 7.4 
Ma (Wells et al., 2000a).
Upper detachment and younger high-angle normal faults 
Striking north-south and exposed along the western flank of the Grouse Creek 
Mountains, an unnamed Miocene brittle normal fault places Upper Permian, Triassic and 
Middle to Late Miocene rocks upon the middle allochthon in the southern part of the field 
area and on the parautochthon in the central field area (Compton, 1983). This fault will be 
referred to as the Upper detachment throughout this text. Todd (1980) and Compton 
(1983) suggested top-to-the-east motion of the upper allochthon along the Upper 
detachment based on fold geometry. More recent studies of Upper detachment fault rocks 
suggests hanging wall motion to the west (Wells, unpublished mapping). A rhyolite plug 
dated at 11.7 0.4 Ma by the K-Ar method is infaulted with Miocene rocks within the fault 
zone (Compton, 1983) and therefore it was interpreted that some slip along the Upper 
detachment occurred after 11.7 Ma. This fault dips -20° to the west and is itself cut by 
several high-angle strike-slip faults to the south of the field area which either postdate 
motion on the Upper detachment or are coeval tear faults.
Although it is mostly buried by Quaternary deposits, Compton (1983) proposed 
that the Upper detachment extends -6 0  km from the southern Grouse Creek Mountains 
north to the Idaho border. Subsequent mapping near the Utah-Idaho border of a 20 km 
trace of the fault has confirmed this continuation (Wells, unpublished mapping). In the 
field area, this fault remains enigmatic due to extensive Quaternary cover. However, it is 
possible that the Upper detachment is kinematically linked to the Middle detachment and
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as such would represent late-stage brittle motion consistent with models of MCC of Lister 
and Davis (1989) and Malavieille and Taboada (1991).
Following extension along the Upper detachment, several high-angle normal 
faults deformed rocks o f the parautochthon and allochthons (Compton, 1983) throughout 
the southern and central Grouse Creek mountains. These faults are generally north- 
trending and exhibit both top-to-the-west and top-to-the-east displacement and some of 
these faults offset Quaternary alluvium (Compton, 1983). A separate period of motion 
may have also occurred in the Pliocene, although this dating is not well constrained 
(Compton, 1983).
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CHAPTER 4
KINEMATIC OBSERVATIONS AND INTERPRETATIONS
Introduction
Kinematics is the study of motions of particles without considering the forces 
responsible for motion. A kinematic study of deformed rocks can yield sense of shear and 
information concerning a particle’s strain path. The central Grouse Creek Mountains 
experienced at least three ductile deformational events since the Late Cretaceous: (Di) 
Cretaceous attenuation (Wells, 1997; Wells, 2001), (D2a) Eocene attenuation (Todd, 
1980; Saltzer and Hodges, 1988) and (D2b) Oligocene and Miocene attenuation (this 
study). Other events temporally between Di and D2A have been described in the ARG but 
their structures and fabrics have been excised or are not represented in the study area and 
are not described here. The D2B shear zone is described here for the central Grouse Creek 
Mountains for the first time as a unique event. Each of these events removed part of, or 
greatly attenuated, the Proterozoic through Permian formations in the ARG. This thesis 
investigates the D;, D2A and D2B deformational events which lend themselves readily to 
the application of a kinematic study. The ultimate goal of the kinematic component of 
this thesis is to clearly define and illustrate the differences between the D2A and D 2B shear 
zones in terms of the spatial extent of fabrics and their degree of development and
37
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degree of development and kinematic traits. The Dsb shear zone has been only briefly 
addressed in previous studies (Compton, 1983; Wells et al., 1997a; Egger et al., 2000).
In order to describe the kinematics of D |, D^a and D^B deformation, several field 
and laboratory techniques were used. Measurements of elongation lineations were plotted 
on a 1:12,000 scale map (Plate 1) and stereonets to demonstrate a spatial and directional 
difference between the D2a and D2B shear zones in the ARG. Also, thin sections and hand 
samples were prepared to examine microstructures and kinematic differences among D,. 
Ü2A and Ü2B and to estimate deformation conditions for Eocene through Miocene 
shearing. D 2B was additionally examined by studying the lattice preferred orientation of 
C-axes of quartz from the quartzite of Clarks Basin.
Kinematic theory
The two end-member types of ductile shear are pure shear and simple shear.
During shear, a line or lines exist in the deforming body along which no particles rotate 
and this line is called an irrotational material line. Also during shear, two lines exist upon 
which stretching rates are at a maximum and minimum value. These lines are called 
instantaneous stretching axes (ISA) and they are always perpendicular. When two 
irrotational material lines exist that are parallel with the ISA, flow is termed coaxial and 
when irrotational material lines are oblique to the ISA, flow is termed noncoaxial 
(Passchier and Trouw, 1996).
When abundant crystal defects are present, the crystal is in a highly disordered 
state with a corresponding high state of elastic strain energy. As heat is applied to a rock 
and its composite crystals (i.e. by burial or intrusion), atoms will be increasingly able to
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migrate through the crystal lattice and will tend to do so in a manner that lowers the 
internal energy. Two mechanisms by which linear crystal defects (dislocations) can 
migrate are dislocation glide and dislocation climb. Dislocation glide occurs at low 
temperatures and dislocations migrate along glide planes. At higher temperatures, 
diffusion rates increase, and dislocations are able to climb to other glide planes to avoid 
obstacles, this mechanism is known as dislocation creep (van der Pluijm and Marshak, 
1997).
Lattice preferred orientation of quartz 
A particularly useful tool used to examine ductile deformation in quartz bearing 
rocks is the systematic measurement of the lattice preferred orientation (LPO) o f c-axes in 
quartz. C-axis orientation can be measured using a variety of techniques and a common 
method is the use of a universal stage. Trend and plunge for each crystal are measured 
and recorded in such a way that measurements in the laboratory can be related to the 
original orientation of the thin section in the field. These data are plotted on a stereonet 
and typically, a minimum of 300 measurements from a single thin section are needed for 
proper resolution and a confident interpretation. It is difficult to measure grains whose c- 
axis plunges near 45° because of the inability of the universal stage to measure such an 
orientation. The result is a gap in the plotted data near the 45° dip region and LPO plots in 
this study have such gaps. However, this problem can be avoided by measuring c-axes in 
an additional thin section oriented perpendicular to lineation because c-axes will not 
occur near 45° and will instead be at low-angles relative to the stereonet.
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Stereonet patterns (LPO patterns) derived from this technique can offer 
information on temperature of deformation, coaxial or noncoaxial deformation paths and 
sense of shear. In noncoaxial progressive deformation, LPO patterns vary from crossed, 
asymmetric girdles to a single, asymmetric girdle to a single concentration in the center of 
the diagram, depending on the relative importance of slip on basal, rhomb or prism planes 
in quartz crystals (Lister, 1977). Motion along the prism plane concentrates c-axes in the 
center of the stereonet and conversely, motion along the basal plane concentrates c-axes 
along the great circle perpendicular to the shear plane for the rock. Motion along rhomb 
planes will concentrate c-axes in the 45° region o f the diagram (Figure 9) (Passchier and 
Trouw, 1996). As temperature increases, motion is favored progressively along basal, 
rhomb and finally prism planes.
Shear zone descriptions 
D ishear zone
Spatial distribution of D,
In the field area, Cretaceous D, ductile fabrics dominate rocks of the Green Creek 
complex and are the only ductile fabric preserved in the structurally deepest levels. Di is 
not exhibited in the Elba quartzite or structurally higher units beneath the Middle 
detachment. Outcrops where Dj is unaccompanied by Ü2a and Dzg fabrics are located in 
the eastern portion of the field area significantly below the Tertiary shear zones (Figure 2 
and Plate 1). As one goes up in structural section from the core, Di fabrics are 
progressively overprinted first by DgA and then by D2b- Between the north lobe of the Red 
Butte stocks and the Middle detachment (Plate 1), Dj is not present and is completely
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y
basal <a> slip
^a
rhomb <a> slip
©
.■ c r-
-I
basal <a> slip prism <a> slip
Figure 9: Diagram showing the relationship between activity on 
different slip planes in quartz and the resulting preferred orientation of 
c-axes in quartz. For this thesis, the orientation o f quartz c-axes in 5 
rocks samples were analyzed from the quartzite o f Clarks Basin. From 
Passchier and Trouw (1996).
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overprinted by D2A. These outcrops lie beneath the shallowly dipping Middle detachment 
that projects just above (Figure 10).
Kinematic description of Di
Extreme ductile attenuation in the Cretaceous imparted the D, fabric upon rocks 
of the ARG (Wells, 1997). This fabric has been previously studied (Todd, 1980; 
Malavieille, 1987b; Wells, 1997) but within the field area, Di has not received careful 
study since the recognition of shear sense indicators in ductiley deformed rock. An 
attempt was made to describe the Dj fabric in the central Grouse Creek Mountains. 
Multiple Tertiary ductile and thermal overprints have made this fabric difficult to study, 
but below the Tertiary shear zones, Di is quite well preserved.
Si in the field area dips gently west, typically from 0 to 30° and most likely 
assumed this orientation during motion along the Middle Mountain shear zone and 
formation of the Red Butte dome. Within the Si plane is a penetrative, north-northwest to 
north-northeast trending elongation lineation (Figure 11). Li trends in the field area are 
consistent with those measured throughout the Albion, Raft River and Grouse Creek 
mountains (Figure 12) (Compton et al., 1977; Miller, 1980; Todd, 1980). Foliation is sub­
parallel to the lithologie layering of the overlying formations and is sub-parallel to the 
Middle detachment. Si in the field area is parallel to S2A and S2B. Li is defined by 
recrystallized quartz and feldspar rods.
During high-temperature shear at sites where K-feldspar crystals are in contact 
with quartz under high stress, K-feldspar (primary mineral) breakdown leads to the 
formation of myrmekite which is composed of new quartz and plagioclase (secondary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7)
CD"O
OQ.c
gQ.
"O
CD
C/)W
o'3
0
5
CD
8“D
( O '3"
1
3
CD
"nc3.
3 "
CD
CD"D
O
Q .C
aO
3
■D
O
CDQ.
■D
CD
(/)(/)
Middle Allochthon
N=48 21%
Lower Allochthon
B-B' Cross Section
no vertical exaggeration 
Red Butte Stocks
N=61 --"38% r :N= 28
Archean orthogneiss 
LzAx
Archean orthogneiss
27% N=448 23% N=156 " y ^ l l %
L]
Base o f  Ü 2B
shear zone in Archean orthogneiss
Estimated base o f  D_ ,1 2Ashear zone
Minimum base o f  D2g  
shear zone in Red Butte stock
GC-2I
> 9000-1
GC-18 GC-20 GC-19
8000-
L. r7000-u
co 6000-
1 M ileI 5000
l$% l Middle Allochthon 
I I Lower Allochthon
Red Butte Stock 
Parautocthon
Upper allochthon 
Alaskite dikes and sills
Figure 10: Schematic east-west cross-section o f central Grouse Creek Mountains showing thermochronology sample sites and 
estimated position o f the D2A and D 2B shear zones.
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Figure 11 : Tectonostratigraphic map of the central Grouse Creek Mountains showing the 
trend o f elongation lineations with respect to  allochthonous sheets. Red Butte stocks or 
the parautochthon. Note the similarity in lineation trend between the lower and middle 
allochthons and the Red Butte stocks. These lineations (L2b) formed during the second 
period o f motion along the Middle Mountain shear zone.
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Figure 12; Map of central Grouse Creek Mountains showing elongation lineation 
trends from three separate deformation events. The north trending lineation (D,) 
formed during a orogen-parallel extensional flow near 102.7 Ma (Wells et al., 2000) 
and the west-northwest fabric formed during two periods o f west-directed 
extensional shear during Eocene through Miocene time. Compton et al. (1977) 
acknowledged the possibility o f two distinct west-trending fabrics that were sub­
parallel to each other. Note the difference in westward lineation trends between the 
25.3 Ma Red Butte plutons (west) and the Archean orthogneiss (northwest). From 
Todd (1980).
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minerals) (Spry, 1986; Simpson and Wintch, 1989). On opposite quadrants of many 
asymmetric K-feldspar porphyroclasts in the Di shear zone, myrmekite growth 
(asymmetric quarter structure) is present. Polysynthetic twins in some plagioclase grains 
are bent and/or tapered. Most quartz grains are polygonal and possess 120° grain 
boundaries. Quartz, feldspar and biotite grains define a distinct S-C fabric (Figure 13).
Microstructures consistently indicate high-temperature deformation with a low- 
temperature overprint and include extensive subgrain formation in both plagioclase and 
K-feldspar crystals, myrmekite formation and polygonal quartz grains. Kinematic 
indicators observed in the Di shear zone indicate a strong component of noncoaxial top- 
to-the-north shear which is consistent with previous studies (Todd, 1980; Saltzer and 
Hodges, 1988).
In the area between the main lobes of the Red Butte stocks, Li trends fluctuate 
greatly. Li trends north-northeast and gradually rotates clockwise to nearly west trending 
along a traverse from east to west (Figure 11). It is interpreted that this variation in trend 
is not original and that Li was progressively rotated from north-northeast to west during 
D?A and Dis shearing (Plate 1). As one follows an east to west traverse between the lobes 
of the Red Butte, one also rises in structural level and the increasing apparent rotation of 
L| may reflect greater and greater influence of the Ü2a and Dig shear zones upon L i. 
Alternatively, the variation in azimuth observed in Li may reflect the primary sinuosity of 
the kinematic flow, however, this alternative scenario is not favored because of the strong 
correlation between structural level and the increase in apparent rotation of L|.
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Figure 13; Photograph o f  north-directed, dextral D, fabric in the central 
Grouse Creek Mountains. This fabric formed during 101.8-108.1 M a 
shearing (Wells et al., 2000b) and is progressively overprinted as one 
approaches the Middle Mountain shear zone.
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Middle Mountain shear zone 
Previously, only one west-northwest trending Tertiary lineation was clearly 
described in the Albion and Grouse Creek mountains (Compton et al., 1977; Todd, 1980; 
Malavieille, 1987; Saltzer and Hodges, 1988). Compton (1983) and Egger et al. (2000) 
point out the possibility of two ductile deformation events in the Tertiary in the Grouse 
Creek Mountains based on cross-cutting field relationships. Wells et al. (1997a) also 
reached the same conclusion based on evidence in the form of a bimodal distribution of 
lineations (Figure 14), differences in temperature of deformation, and differences in 
structural level in which the lineations are preserved in rocks of the northern Grouse 
Creek Mountains. These lineation trends are strikingly similar to a bimodal lineation 
distribution measured in this study in rocks of the central Grouse Creek Mountains. Using 
kinematic observations, the relationship between lineations, Oligocene intrusions and the 
Middle detachment, details of each shearing event and an apparent continuity in Tertiary 
shearing between the northern and central Grouse Creek mountains are brought to light.
The Ü2A and D2b shear zones represent temporal bookends to the Middle 
Mountain shear zone and were active during different periods and deformation 
conditions. Although these shear zones are very similar, it is possible to describe unique 
traits inherent to each. Each event imparted a separate, slightly different trending lineation 
upon rocks of the parautochthon and lower and middle allochthons in the Grouse Creek 
and Albion mountains. The following discussion illustrates the thermal, kinematic and 
spatial similarities and differences observed between Ü2a and D2b-
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Ü2A shear zone
Spatial and linear trends o f D 2A
The Ü2A shear zone dips gently to the west, is estimated to be 2.5 km thick in the 
field area and was estimated to be originally ~4 km thick (Saltzer and Hodges, 1988). D2A 
fabrics are restricted to rocks of the parautochthon and consequently occur only below the 
Middle detachment (Plate 1 and Figure 10) throughout the Grouse Creek and Albion 
mountains along the west flank of the ARG (Compton et al., 1977). The characteristic 
trend of L2A is 305° but measurements varied from west to nearly north-trending (Figure 
11). During D2A, folds with northwest trending hinge lines formed and in the field area, 
many small-scale folds were found (Figure 15).
In the structurally deepest levels of the Red Butte dome possessing a Tertiary 
lineation, L2A in Archean orthogneiss is represented by a weak preferred orientation of 
biotite that co-occurs with the dominant Li (Figure 16). In these structurally deep 
outcrops, Di is completely overprinted by D 2A in screens o f schist within Archean 
orthogneiss. Rising in structural level, D2A begins to affect quartz and feldspars in the 
orthogneiss and finally higher in the D 2A shear zone, D; is completely overprinted. This 
transition from outcrops with a dominate Di fabric to outcrops with a dominant D2A 
fabric takes place over a relatively small distance within 10 - 20 meters of structural 
section (Figure 10). An excellent location for examining the progressive overprint o f Di 
by D2A is along the saddle between Ingham Pass and the Middle detachment (Plate 1 and 
Figure 17). Li at this location does not appear to be progressively rotated by D2A or D2B.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
Figure 15: Photograph looking west at north vergent folds formed during 
Light bands o f rock are sills o f Archean orthogneiss or trondjemite within the 
older schist. Fold axes are parallel with top-to-the-northwest transport and 
suggest a component o f compression perpendicular to the Y axis o f the finite 
strain ellipsoid in the D ja reference frame.
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1
Figure 16: Outcrop in the Archean orthogneiss showing a typical L, : 
relationship. The hammer is parallel to L; and the pen is parallel to Lj^. In this 
photo, Lja is present only as a weak biotite defined lineation. increasingly 
overprints L, and is itself progressively overprinted by L^gas one climbs in 
structural section.
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East West
Ingham PeakEmigrant Pass 
plutons
Southern Grouse 
Creek Mts.
Mcdp 
Middle detachment
Aog
Figure 17; Photograph and trace drawing looking south across Ingham 
Canyon at the Middle detachment and Ingham Peak from the NE. A  sharp 
contrast can be seen between rocks o f the middle allochthon (dark) and 
rocks o f the lower allochthon and parautochthon (light). fabrics were 
found just below the Elba quartzite in the Archean orthogneiss. The 
quartzite o f Clarks Basin exhibits D^g fabric.
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Kinematic description of D :a
Myrmekite growth on opposite quadrants o f K-feldspar crystals was found in all 
samples from the DzA shear zone (Figure 18). The long axes of elongate crystals are 
oriented parallel to S-planes in a strong S-C fabric. All shear sense indicators are 
consistent with top-to-the-northwest noncoaxial shear in rock samples where Dza is the 
dominant fabric.
Polysynthetic twins in plagioclase are commonly bent and/or tapered (GC-33, GC- 
28). In most samples quartz grains display undulatory extinction with visible subgrains or 
deformation bands (Figure 19). Feldspar and quartz grain boundaries are on average 
amoebiod suggesting grain boundary migration reci^stallization (GBM) (Urai et al.,
1986) (Figure 20) and that subsequent annealing o f mylonitic fabric did not occur. 
However, in some samples, zones of equant, recrystallized feldspar grains were found 
representing remnants of dynamically recrystallized porphyroclasts (Figure 21). Ductile 
microstructures in samples GC-33, GC-28 and GC-26 indicate significant dynamic 
recrystallization and deformation. Deformation features such as these suggest that 
temperatures were sufficiently high to facilitate dislocation climb in quartz and feldspar. 
Based on feldspar deformation, temperatures of at least 500°C are estimated during D za, 
sufficient for dynamic recrystallization of feldspar and regime 3 quartz deformation 
(Hirth and Tullis, 1992).
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Figure ISA:
Feldspar crystal
Asymmetric distribution 
of myrmekite
Asymmetric myrmekite
Figure ISB:
Figure 18: Photomicrograph from sample GC-35 of myrmekite formation on 
opposite quadrants o f an asymmetric K-feldspar (upper left) in the Archean 
orthogneiss from the shear zone. MyrmeWte growth indicates deformation 
conditions o f >500°. Figure 18B shows, schematically, dextral shear sense and 
the relative location o f myrmekite growth with respect to porphryoclast 
(modified from Passchier and Trouw, 1996; p. 124). Field o f view is -0.5mm. 
XPL.
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Figure 19: Photomicrograph o f quartz crystal exhibiting 
deformation bands from sample GC-31 which are interpreted to 
be relatively late features and not indicative o f peak temperature 
conditions during Deformation features such as these are 
indicative o f the transition from regime 1 to regime 2 quartz 
deformation (Hirth and Tullis, 1991). Field o f view =~lm m . 
XPL.
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Figure 20; Photomicrograph o f microstructures indicative o f grain boundary 
migration (GBM) including ‘pinning’, left-over grains and ‘window’ 
structures (Jessell, 1987) in quartz from sample GC-28 in Archean 
orthogneiss. Dislocation climb was possible as indicated by GBM and 
therefore deformation took place at medium to high-grade conditions. GBM 
arrow points to a grain boundary bulging from left grain into right grain. 
Foliation (S^^) is parallel to muscovite grains. This sample came from the 
Eocene Dj^ shear zone and is without the Cretaceous D, fabric. Field o f 
view is -1m m . XPL.
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Figure 21: Photomicrograph o f dynamically recrystallized K-feldspar and 
plagioclase crystals in sample GC-33 in the Archean orthogneiss. These 
relatively unstrained, equant grains with 120° triple junctions are evidence 
o f high deformation temperatures sufficient for dislocation climb. This 
sample is from Ingham Canyon near the structural bottom o f the Djg shear 
zone however it is interpreted that feldspar deformation occurred during 
Dj^or is alternatively a relict Di fabric. Width o f view is -1m m . XPL.
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Dzb shear zone
Spatial and linear trends of Dzb
Unlike Dza, the present day distribution of the Dzb fabric is not restricted to rocks 
of the parautochthon and was observed in the parautochthon, middle and lower 
allochthons, the Red Butte stocks and alaskite dikes. In the central Grouse Creek 
Mountains, the average trend of Lzb is 275° in rocks of the Red Butte stocks and 280° in 
rocks o f the lower and middle allochthons (Figure 11). The Dzb strain gradient increases 
from the base of the shear zone upwards in structural section and reaches a maximum at 
the Middle detachment. Within the north Red Butte lobe, Lzb was measured at projected 
depths of -1200 meters below the Middle detachment and within Archean basement 
rocks in outcrops southwest and west of the north Red Butte lobe, D?b fabrics are present 
to depths of -300  meters below the Middle detachment (Figure 10). Elsewhere, Dzb 
fabrics are present only just below the Middle detachment and affect a substantially 
thinner portion of the Archean orthogneiss than the Dza shear zone. In the southern Red 
Butte lobe, D zb is not present in extreme eastern outcrops (i.e. the deepest exposed levels) 
but gradually becomes an intense mylonitic fabric at the Middle detachment. In the Red 
Butte stocks, Lzb occurs throughout the northern lobe as a weak fabric (Plate 1).
Similar to the coexistence of D , and D za (Plate 1), D za and D zb also coexist, 
however only in scattered outcrops west and southwest of the north lobe of the Red Butte 
pluton. This scattered coexistence of Dza and Dzb may be due to a lack of outcrops 
possessing both Tertiary lineations with significantly different trends. If Dza and Dzb were 
subparallel in an outcrop, it would be impossible to distinguish between them in the field. 
Along the northeast trending saddle between Ingham Pass and the Middle detachment.
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Lza is uncharacteristically close to the Middle detachment but at other equivalent 
structural levels, Dza is overprinted completely by Dzb.
Alaskite dikes also bear Lzb but aplite dikes do not which suggests that the aplite 
dikes are younger than the alaskite dikes and the D zb shear zone. Also, alaskite and aplite 
dikes occur only within rocks of the parautochthon and sporadically in the Red Butte 
stocks, although Todd (1973) describes isolated occurrences in the Middle allochthon.
Kinematic description of Dzb
Close to the Middle detachment in the zone of highest Dzb strain, rocks 
experienced extreme ductile strain which completely overprinted Dza fabrics. In Archean 
orthogneiss and rocks of the Red Butte stock just below the Middle detachment, quartz 
and feldspar grains define a well-developed top-to-the-west S-C fabric with C-planes, 
parallel to the shear zone boundary, dipping west about 20° (Figure 22). In the 
Neoproterozoic quartzite of Clarks Basin, an oblique grain shape fabric is present that 
steadily decreases in intensity away from the Red Butte stocks (Figure 23) and is 
consistent with top-to-the-west motion. Independent from LPO patterns and asymmetric 
porphyroclasts, an oblique foliation in quartzite mylonites can be a reliable shear sense 
indicator (Law et al., 1984; Lister and Snoke, 1984).
Within meters of the Middle detachment, feldspar crystals from the south Red 
Butte lobe display undulatory extinction and smaller feldspar subgrains around the 
perimeter of larger porphyroclasts. Also, most feldspar crystals are fractured and offset by 
brittle micro-normal faults and extension fractures with displacement consistent with top- 
to-the-west motion (Figure 24). Quartz grains are relatively smaller than feldspars and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
Figure 22: Photograph o f  GC-17 slab cut perpendicular to foliation from the 
southern lobe o f the Red Butte stock immediately below the Middle detachment. 
Sample demonstrates sinistral (top-to-the-west) shear sense and well defined S-C 
fabric. Trend and plunge o f elongation lineation parallel to  transport direction are 
283°, 20° (Ljb). In thin-section, feldspars are fractured along micro-normal faults 
with displacement consistent with top-to-the-west motion (Figure 24). Field o f  view 
is approximately 6 cm by 11 cm.
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Sample GC-5
Farthest from pluton
Sample GC-7
Sample GC-9
Closest to pluton
Figure 23: Photomicrographs o f quartzite mylonite from the quartzite o f Clarks Basin 
showing evidence for significant, rapid GBM similar to microstructures presented by 
Urai et al. (1984). Note the apparent increase in deformation conditions from GC-5 
to GC-7 and on to GC-9 which corresponds to increasing proximity to the 25.3 Ma 
Red Butte stocks. Shearing responsible for muscovite growth and quartz deformation 
is interpreted to be D^g. Sjg is parallel to the long axis o f the picture. Field o f view is 
-1m m  for 23 A  and 23B and 1.3mm for 23C. XPL.
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Figure 24: Photomicrograph o f  brittle deformation in K-feldspar and 
recrystallized, elongate quartz grains in a ribbon from sample GC-17 
immediately below the M iddle detachment in the Red Butte stock. Note the 
sinistral S-C fabric (top-to-the-west) defined by the matrix foliation (C) and 
the long axes o f feldspar porphryoclasts (S). Similar S-C fabrics are also 
seen in Figure 22. Field o f view is -1m m . XPL.
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occur in two size fractions; as larger, flattened grains exhibiting sweeping undulatory 
extinction and as much smaller dynamically recrystallized grains (Figure 24). Mica fish in 
the Red Butte stocks are rare and also record top-to-the-west displacement (Figure 25).
In the Archean orthogneiss, D2b strain decreases steadily downwards in structural 
section. Below the zone of highest D2B strain, feldspars in Archean orthogneiss exhibit 
core and mantle structures. Quartz in GC-33 from the Archean orthogneiss exhibits both 
subgrain formation and sweeping undulatory extinction similar to Figure 19. No brittle 
fractures in feldspar crystals are evident in the Archean orthogneiss. A well-developed S- 
C fabric, roughly parallel to S-C fabrics in the D2B mylonite zone, is present. However, 
D2B deformation may have merely reactivated an already existing D2A S-C fabric and had 
a minor influence in the Archean orthogneiss.
Strain in rocks of the Red Butte stocks decreases steadily downwards in structural 
section below the Middle detachment and mylonite fabrics. A penetrative fabric exists 
throughout the northern lobe and only in the upper structural levels of the southern lobe. 
Significantly below the Middle detachment, D2B fabrics exist only as a lineation defined 
by biotite in a weak foliation. It is unclear whether this weak fabric within the interior of 
the Red Butte pluton is of magmatic origin or solid-state. Feldspar microstructures 
include undulatory extinction, fine grained myrmekite and extensive subgrain formation 
along the perimeter of amoeboid porphyroclasts. Polysynthetic twins in plagioclase are 
bent and/or tapered (GC-21).
These structures indicate that dislocation climb was possible in feldspar and that 
shearing occurred at temperatures in excess of 500°C. It is most likely that at high 
temperatures (450 -  500°C) feldspar crystals experienced plastic deformation and were
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Figure 25: Photomicrograph o f  sinistral muscovite mica fish 
immediately below the Middle detachment from the Red Butte 
Stock (GC-17). Mica was not uncommon in Red Butte stocks but 
mica fish were rare. Field o f view is 1.33mm. PPL.
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later fractured at lower temperatures as quartz continued to deform plastically (300 -  
350°C). The coexistence of low- and high-temperature microstructures is strong evidence 
that DzB deformation occurred during decreasing temperature conditions.
Methodology for LPO study of quartz 
From the quartzite of Clarks Basin, seven thin sections from five samples oriented 
parallel or perpendicular to Lzs and perpendicular to SzB were prepared and measured on 
the universal stage for lattice preferred orientation of quartz. Samples GC-15 and GC-14 
were analyzed using thin sections both parallel and perpendicular to L^B whereas samples 
GC-5, GC-7 and GC-9 were analyzed using thin sections cut parallel to L2b- Criteria for 
deformation regimes are based on Hirth and Tullis (1992) however, temperature estimates 
for these regimes were based on experimentally deformed quartz. All samples analyzed 
possessed asymmetric LPO patterns indicative of top-to-the-west noncoaxial shear 
(Figure 26).
LPO study of quartz in Ü2b shear zone
Outcrops of the quartzite of Clarks Basin that are significantly far from the Red 
Butte stocks (i.e. > 1 km) exhibit slightly different LPO patterns than those in closer 
proximity. LPO patterns, measured in samples (GC-5 and GC-15) greater than 1 km from 
the Red Butte stocks, indicate the dominance of prism and rhomb slip with small amounts 
of basal slip (~400-450°C) (Schmid and Casey, 1986). Quartz in these two samples also 
exhibit patchy and undulatory extinction. The development of a weak oblique foliation is 
evident in GC-5 although difficult to see in photomicrograph (Figure 23A).
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Figure 26: Tectonostratigraphic map o f the central Grouse Creek Mountains 
showing locations for LPO studies o f quartz in the quartzite o f Clarks Basin. 
Samples taken close to the Red Butte stock (i.e. GC-9) exhibit c-axes clustered in 
center o f stereonet indicative o f high-temperature strain dominated by prism slip 
(Passchier and Trouw, 1996). Samples removed from the Red Butte stock exhibit a 
single, asymétrie girdle indicative o f low-mid temperature top-to-the-west, non­
coaxial strain. This deformation is consistent with west-directed motion along the 
Middle Mountain shear zone and is interpreted to represent D 2B motion.
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Samples GC-7 and GC-14 experienced deformation at a higher temperature than 
GC-5 and GC-15. Measured LPO patterns for GC-7 and GC-14 indicate the activity of 
prism and rhomb slip during noncoaxial shear (Figure 26). An oblique foliation in GC-7 
(Figure 23B) is more developed than in GC-5 and GC-15 also indicating an increase in 
relative deformation between the samples (Law et al., 1984). Quartz subgrains are 
relatively small and sweeping undulatory extinction in these two samples indicates that 
regime 3 deformation occurred. This is consistent with the activity of rhomb slip and the 
absence of basal slip in quartz (-450 - 500°C). Sample GC-7 was taken from within 1 km 
of the Red Butte stocks and sample GC-14 was taken 1.5 km from the Red Butte stocks 
(Figure 26). Although farther from the Red Butte stock, sample GC-14 experienced 
deformation at higher temperatures than GC-5 and GC-15.
Sample GC-9 rested nearly at the contact between the quartzite of Clarks Basin 
and the Red Butte stocks in Ingham Canyon and consequently experienced deformation at 
the highest temperature of all of the quartzite samples examined. Relatively larger 
subgrains and a more intense grain-shape fabric and oblique foliation are present in 
samples farther from the Red Butte stocks (Figures 23C and 26). The preservation of the 
oblique grain shape fabric in GC-9 indicates that at least some shearing occurred after the 
intmsion of the Red Butte stocks, otherwise this fabric would have annealed from the 
intense heat beside the pluton. The concentration of c-axes in the center of the stereonet 
indicates that prism slip <a> was dominant with modest amounts of rhomb slip (Figure 
26) (Schmid and Casey, 1986). Above 650°C, basal and rhomb slip are no longer active 
(Passchier and Trouw, 1996) and therefore, GC-9 experienced noncoaxial shear at 
temperatures of at least 550 - 650°C.
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Middle detachment
The Middle detachment is the low-angle contact between the lower and middle 
allochthons. Rocks examined immediately above and below the Middle detachment (GC- 
17) experienced ductile deformation during Cenozoic top-to-the-west shearing, however 
rocks above the Middle detachment were deformed at lower temperatures than rocks 
below. Also, brittle faults rocks, such as cataclasites, fault breccias or pseudotachylytes 
were not found along the Middle detachment plane, although breccia was found locally in 
the Elba quartzite -8 0  meters below the Middle detachment.
Discussion of shear zone kinematics
D2B shear zone
The Red Butte stocks and the D2B shear zone appear to be temporally linked. LPO 
measured in the quartzite of Clarks Basin and ductile microstructures observed in the D2B 
shear zone were formed during high-temperature shear. A nearby heat source such as the 
Red Butte stocks would have thermally weakened the rocks of the ARG in Oligocene 
time thus facilitating large-scale extension. Because the 25.3 Ma Red Butte stocks bear a 
D2B lineation and rocks with L2B experienced shear at temperatures of -550°C during part 
of their history, it is interpreted that the D2B shear zone began activity during and/or 
shortly after the intrusion of the Red Butte stocks and that the inception of motion was 
influenced by the thermal input introduced by the Red Butte stocks. Shortly after 
emplacement, the Red Butte stocks cooled to ambient temperatures due to emplacement 
into relatively cooler country rock and by being transported closer to the surface by the 
D2B shear zone. If the Red Butte stocks cooled quickly, then D2B would have been active
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for a correspondingly short amount of time. Once temperatures cooled below a critical 
threshold for large-scale ductile motion, remaining extensional stress would be 
subsequently relieved along brittle normal faults (e.g. the Upper detachment). Because 
DzB fabrics are not annealed (i.e. quartz in GC-17 and GC-9), it is interpreted that 
shearing outlasted sufficient heat for recovery. It is interpreted that shearing during D?B 
initiated at temperatures of >550°C and continued to 350-300°C.
The predominance of the DzB fabric within the Red Butte stocks and quartzite of 
Clarks Basin and minimal occurrence within the Archean orthogneiss can be explained by 
the difference in inferred relative temperatures and rock strengths. The Red Butte stocks 
were hotter and thus more easily sheared than the cooler Archean orthogneiss. Also, the 
quartzite of Clarks Basin is relatively weaker than the stronger Archean orthogneiss. The 
Archean orthogneiss does not bear evidence of major strain during D2B shearing 
especially where the quartzite of Clarks Basin is present between the Middle detachment 
and the orthogneiss and it is interpreted that the majority of strain from the D2B shear 
zone was concentrated in the Proterozoic quartzite of Clarks Basin and the Red Butte 
stocks.
An excellent example of the limited effect that the D2B shear zone had upon the 
Archean orthogneiss is the occurrence of D2A fabrics just below the Middle detachment in 
Ingham Canyon (Figure 17). The presence of D2A fabrics in Archean orthogneiss at this 
location indicates the failure of D2B to overprint D2A fabrics significantly removed from 
the Red Butte stocks. It is interpreted that the thermal and strain gradient in Oligocene 
time in the Archean orthogneiss was steep compared to D2A during D2B strain. Strain 
would be preferentially concentrated in weaker rocks units such as the quartzite of Clarks
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Basin and the relatively hot Red Butte intrusion instead of the relatively stronger and 
colder Archean orthogneiss.
Although no oriented thin sections were prepared from the alaskite sills and dikes, 
it is speculated that during motion along the Dzs shear zone, deformation within alaskite 
dikes may have been dominantly coaxial. Aplite dikes may also have suffered coaxial 
deformation although strain in aplite dikes is less than that in alaskite dikes and sills. 
Injection of both alaskite and aplite dikes and sills was parallel to the Y-Z (i.e. dikes) and 
X-Y (i.e. sills) planes of the Ü2b reference frame.
Comparison o f Ü2a and Ü2b
The second period of motion (D2b) along the Middle Mountain shear zone is 
different from the first (Ü2a) in several ways. First, the D2B shear zone deformed rocks of 
the parautochthon less than D2A. The strain gradient in Archean orthogneiss was much 
steeper during D 2B than D2A. Second, D2B occurred at higher crustal levels than D2A and 
strain from D2B was concentrated in the relatively weak quartzite of Clarks Basin and the 
Red Butte stocks. This is supported by the observation that the D2B shear zone is 
markedly thinner than the older D2A shear zone (Figure 10). Motion along the D 2A shear 
zone occurred deep within the crust (-22-26 km; Saltzer and Hodges, 1988) and was 
therefore relatively hot. As temperature increases with depth in the crust, the thickness of 
a shear zone may increase (Davis, 1987) as deformation becomes more distributed. It is 
interpreted that all lineations in the field area above the Middle detachment are L2B and it 
is speculated that D2A fabrics existed throughout the parautochthon and lower and middle 
allochthons until the Late Oligocene when they were re-activated and attenuated by the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73
younger D2B sheai- zone. Third, D2B was more west directed (275°) than D2A (305°) 
(Figure 11) reflecting a rotational change in motion along the Middle Mountain shear 
zone o f about 30°. Fourth, Dja is currently present only in rocks of the parautochthon and 
D2B fabrics are present in all rock units affected by Tertiary ductile deformation in the 
field area. Ductile motion along the D2B shear zone completely overprinted D2A fabrics 
immediately beneath the Middle detachment and in all allochthons above the Middle 
detachment.
Northwest trending fold hinges (299°) (Figure 15) most likely formed during D2A 
shear and indicates that during shear, a component of shortening perpendicular to 
extension was present (i.e. Y < 1) thus facilitating the rotation of material towards the X 
axis. However, minor rotation can still occur if Y = 1. The progressive rotation of L, 
between the lobes of the Red Butte stocks could be best explained by an increasing 
component o f rotation (resulting from an increase in strain intensity) as one rises in 
structural level. Throughout outcrops with rotated Li, L2A remains constant (Plate 1).
The difference in trend between D2A and D2B is the most reliable method found 
for distinguishing the Tertiary lineations from each other (Figure 11). However, note that 
the range of trends measured for D 2A and D2B overlap and therefore an additional criterion 
must be applied for confident distinction. The zone where D2A and D2B coexist only 
occurs in the lowest level of the D2B shear zone in the parautochthon -200  meters below 
the Middle detachment. Lineations measured above this zone are most likely to be D2B 
and those measured below this zone are likely to be D2a-
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Middle detachment: low angle detachment or zone of extreme ductile strain?
The Middle detachment has been previously interpreted as a low-angle, brittle 
detachment fault responsible for late-stage exhumation of the ARG (Compton et al.,
1977; Todd, 1980). The Raft River detachment exhibits top-to-the-east cataclasites which 
progressively overprint the underlying Raft River shear zone and brittle, high-angle 
normal faults in its upper plate (Wells et al., 2000). If the Middle detachment was indeed 
a similar large-scale, brittle detachment, then one would expect the Middle detachment to 
resemble the Raft River detachment in terms of associated fault rocks and upper plate 
deformation. Within the field area however, no evidence was found suggesting that the 
Middle detachment experienced brittle slip. Regionally, no systems of normal faults are 
present in the upper plate of the Middle detachment which sole into it, such as are 
common to detachment faults that experienced brittle slip. This fault is interpreted as a 
zone of extreme strain that was developed during motion along the Ü2a shear zone and 
was re-activated and further developed during D2b- An implication of this interpretation is 
that the Middle detachment is not a temporally unique feature and that it represents the 
upper bounding feature of the Middle Mountain shear zone. Also, units between the 
quartzite of Clarks Basin and the Middle detachment present before motion along the Ü2a 
shear zone were removed during extreme attenuation and motion along the Middle 
detachment during D2A and D2B and not by removal due to a brittle normal fault.
D 2B shear zone: extension or contraction?
Evidence of D2B recrystallization during an extensional event is preserved in these 
rocks. The Red Butte pluton caused an elevated geotherm and enough heat to later drive
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static recrystallization after motion along the Dig shear zone. High-temperature 
deformation features in feldspars (e.g. recrystallized polygonal grains) coexist with lower 
temperature features in quartz and feldspars (e.g. undulatory extinction in quartz and 
brittle fractures in feldspar). Therefore it is interpreted that D?B deformation took place 
during cooling rather than heating and that the shear zone was cooling as it was active.
Lateral continuity of the D2B shear zone
Considerable kinematic continuity existed between the northern (Wells et al.,
1997) and central Grouse Creek mountains (NGC and CGC) during both periods of 
motion along the Middle Mountain shear zone. Lineations measured in structurally deep 
rocks trend 305° in the CGC and 307° in the NGC. Also, lineations measured in 
Oligocene granitic rocks and stmcturally high rocks trend 275° in the CGC and 277° in 
the NGC. The occurrence of each lineation population with respect to structural level and 
lithologie unit is roughly the same in the northern and central Grouse Creek mountains 
(Figure 14) and therefore it is interpreted that the general trend and lithologie occurrence 
of the two periods of motion along the Middle Mountain shear zone (D2A and Ü2b) was 
uniform between the northern and central Grouse Creek mountains.
Orientation of alaskite and aplite dikes and sills
Alaskite and aplite dikes are oriented perpendicular to L2B and S2B (Y-Z plane) 
and alaskite sills are oriented parallel to S2B (X-Y plane). Within alaskite sills, 
asymmetric shear indicators observed in the field area indicate that ductile deformation 
during D2B was noncoaxial. Oriented thin sections were not prepared from either dikes or
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sills to determine whether deformation was noncoaxial or coaxial within the dikes. 
However, it is likely that as top-to-the-west D2B extension proceeded, shearing was 
coaxial within dikes as they opened.
Doming of the parautochthon 
A broad dome is present in the ARG which, on all sides, dips gently away from 
the Red Butte stocks (Figure 27). It is speculated that doming in the central Grouse Creek 
Mountains occurred late in D2B shearing and is related to the intrusion o f the Red Butte 
stocks, similar to the model proposed by Lister and Baldwin (1993). The Middle 
detachment and the dome in the central Grouse Creek Mountains are both offset by the 
Upper detachment (Plate 1).
The domes of the ARG are also offset by multiple high-angle faults. These faults 
are Basin and Range style normal faults that are no older than 11.7 Ma because they 
offset the Upper detachment (Compton, 1983). One such fault was mapped -1 .9  
kilometers southeast of Ingham Pass (Plate 1). This fault cuts both the lower allochthon 
and the parautochthon with -150  meters of normal displacement and strikes north- 
northwest. Dip direction was not determinable.
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C H A PT E R  5
'"’a r /^^a r  t h e r m o c h r o n o l o g y
Introduction
, 40 A _/39 ,Analyzing minerals using the Ar/ Ar isotopic system is a commonly used 
technique to date crystallization, deformation and metamorphism and to determine 
thermochronology. This method is an ideal dating technique because of the high 
abundance of in crustal rocks (parent isotope) in concert with the relatively low initial 
abundance of'*°Ar (daughter isotope) (McDougall and Harrison, 1999). The '*^Ar/^^Ar 
method of dating minerals is employed in this thesis to investigate the temporal aspects of 
Tertiary deformation in the ARG and was used chiefly to examine whether periods of 
rapid cooling can be resolved and if  so can be correlated with motion along the Middle 
Mountain shear zone. Middle detachment and Upper detachment. When combined with 
field observations and kinematic interpretations, these new ' '^^Ar/^^Ar ages provide many 
insights into the Tertiary thermal and structural history of the central Grouse Creek 
Mountains and are in excellent agreement with previous studies in the Albion, Raft River 
and Grouse Creek mountains (Compton et al., 1977; Wells et al., 1997a; Egger et al., 
2000; Wells et al., 2000).
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Locations for thermochronology samples were chosen based on proximity to the 
Middle detachment and the Red Butte stock and on the availability of suitable minerals. 
Thermochronology sample sites are located just above, Just below and significantly below 
the Middle detachment. Samples were also taken from within, along the immediate 
boundary and significantly outside the Red Butte stocks to examine the temporal 
relationship between Oligocene intrusion and shear zone motion.
'*°Ar/^^Ar methodology 
Samples for '‘°Ar/^^Ar geochronology were prepared using standard laboratory 
techniques. Samples were crushed and sieved to size fractions ranging between 45 and 
350 microns. Size fractions of interest were then washed with tap water to remove as 
much dust as possible. Biotite and muscovite were separated and purified using the paper- 
shake method followed by separation in a Frantz isodynamic magnetic separator before 
final washing in water in an ultrasonic bath. Due to an abundance of carbonate material, 
samples from the Oquirrh Formation were first dissolved in hydrochloric acid before 
muscovite and phlogopite separates were prepared using a paper-shake method and the 
Frantz separator. Hornblende and K-feldspar separates where first separated in a Frantz 
separator before undergoing a more intense separation using heavy liquids. A solution of 
bromoform or methylene iodide and acetone was used to perform density separations of 
K-feldspar and hornblende samples respectively. Hornblende and K-feldspar samples 
were then washed of residual heavy liquid and acetone in an ultrasonic bath using 190- 
proof ethanol alcohol for several minutes. Finally, all mineral separates were
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meticulously hand-picked to an acceptable level o f purity. From samples GC-18, GC-19 
and GC-21, micas and K-feldspar were extracted.
All final thermochronology separates were weighed and wrapped in AI foil before 
being placed in a hollow pyrex tube for 14 hours of irradiation at the Nuclear Science 
Center at Texas A&M University. Small amounts o f synthetic K-glass and optical grade 
CaFz, in separate A1 foil pouches, were included with the samples to monitor neutron 
induced K and Ca interfering reactions. Sanidine crystals from the Fish Canyon Tuff 
(27.9 Ma: ) were used as fluence monitors which were staggered throughout the pyrex 
tube between eveiy 2-3 samples (every -10  mm along tube). For each fluence-monitor, 
three to five Fish Canyon Tuff sanidine crystals were fused using a CO2 laser ablation to 
determine J-factors. For the samples (placed between flux monitors), J-factors were 
interpolated using calculated J-factors from the fluence monitor positions. All samples 
were analyzed using the furnace step heating method.
Plateau and isochron criteria 
Plateaus in this study were defined by 3 or more concurrent steps, whose sum of 
^^Ar released is a significant portion of total ^^Ar released and that all overlap in age 
within 2(7. All analytical errors are reported at la . Inverse isochron plots can determine 
the presence of excess argon and are preferred over plateau ages. To construct an inverse 
isochron, ^^Ar/^Ar (y-axis) and ^^Ar/°Ar (x-axis) are plotted for each step (York, 1969) 
and points with the largest misfit are iteratively omitted until a regressed line’s MSWD is 
below the appropriate value for that number of data points (Wendt and Carl, 1991).
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Points on inverse isochrons must represent a significant fraction of the total ^^Ar released.
Description o f mineral separates and apparent age spectra
K-feldspar
From both lobes o f the Red Butte stocks and an alaskite dike, three K-feldspar 
separates were prepared. Samples GC-21 and GC-19 are from the north and south lobes 
of the Red Butte stock, respectively, while GC-18 was taken from an alaskite dike 
cropping out in the Archean orthogneiss between the north and south lobes of the Red 
Butte stocks (Figure 28). Measured age spectra for all three K-feldspar samples are 
affected by excess argon during the first 10% of ^^Ar released and for high temperature 
steps (Figure 29). It is interpreted that during subsequent thermal modeling, this excess 
argon had a slight effect upon cooling histories by skewing them towards older ages. For 
low-temperature steps (422 - 679°C), two isothermal heating steps were used to drive 
excess argon from inclusion sites. Excess argon hosted in these sites degasses earlier than 
radiogenic argon in duplicate low temperature isothermal heating steps (Harrison et al., 
1994). During the modeling process, the standard deviation was artificially increased for 
low-temperature steps with suspected excess argon and for the first of all isothermal 
heating steps. This manipulation was done in order to prevent these steps from 
influencing the modeled cooling paths.
Both age spectra from the main phase K-feldspar samples have a flattish slope 
from 5 to 25% ^^Ar released and a generally steeper slope from 25 to 60% ^^Ar released 
(Figure 29). Portions of an age spectrum with steep slopes represent periods of relatively 
slow cooling and flatter segments of an age spectrum represent periods of rapid cooling
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Archean mafic intrusion.
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Figure 29: ^^Ar/^^Ar age spectra for K-feldspar samples 
from the Red Butte stocks.
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(Lovera et al., 1989). This difference in argon distribution becomes more pronounced as a 
crystal cools more slowly. Thus, the K-feldspar crystal is thought of as having different 
domains defined by different argon retentivities and this concept is what makes the 
calculation of continuous cooling curves for K-feldspar possible.
Thermochronologic modeling of K-feldspar age spectra was performed using the 
autoarr.exe and auto.age computer programs (Lovera, 1992) but activation energy and 
frequency factor values were calculated independently. Because of the abundance of 
exsolution lamellae in K-feldspar observed in thin section, plane sheet geometry was used 
during calculation of frequency factor and activation energy. Modeling o f cumulative 
^^Ar released versus log (r/ro) and 10,000/T (K) versus log (D/r“)s'' was performed until a 
satisfactory fit between measured and modeled data was achieved (Figures 30, 31 and 
32). Above ~1150°C, argon diffusion in K-feldspar is no longer predictable and 
consequently, thermal modeling is applicable only up to this point.
During computer modeling, cooling curves are calculated that best reproduces the 
modeled distribution of argon. Twenty cooling histories were calculated for each of the 
three K-feldspar samples. For the first - 3 - 5  m.y. (latest Oligocene to Early Miocene) of 
modeled cooling, cooling histories for all three samples occupy a -40  - 50°C wide zone 
(Figures 33, 34 and 35). This relatively unconstrained zone is due to uncertainty in 
diffusion parameters and the possibility of excess argon in large domains released during 
high temperature heating steps (Foster et al., 1989). An affect of this loosely constrained 
zone is that the termination of the first event responsible for the cooling is also loosely 
constrained. Beyond the first -3  - 5 m.y. of modeled cooling, populations of cooling 
histories in all three samples are tightly grouped.
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The K-feldspar age spectrum for sample GC-19 is roughly parallel to GC-21, 
however, temperatures during the isothermal period are higher for sample GC-19 (Figure 
29). Excess argon would affect time and not temperature on a thermal history plot and 
therefore this difference in isothermal values may reflect a difference in structural level 
between samples GC-21 and GC-19. During the isothermal period in the mid-Early 
Miocene, sample GC-21 remained ~20°C cooler than sample GC-19 and it is therefore 
interpreted that GC-19 rested deeper in the crust after motion ceased along the D?B shear 
zone.
Cooling paths are not well constrained for GC-21 and GC-19 between 27.3 - 22 
Ma and 25.3 - 21 Ma, respectively, but may still indicate a period of modest cooling 
(~10°C/m.y.) during these times (Figures 33 and 34). Modeled cooling paths for GC-21 
and GC-19 exhibit extremely slow cooling from 22 - 19.4 Ma and 21 -18  Ma (0 - 
3°C/m.y.), respectively and fast cooling from 19.4 - 16.4 Ma and 18 - 15.7 Ma (70 - 
100°C/m.y.), respectively.
Sample GC-18 was taken from an alaskite dike -1 .5  km from the north Red Butte 
lobe (Figure 28). The age spectrum from GC-18 has an age gradient similar to GC-21 and 
GC-19 from 5 - 30% ^^Ar released and a shallower age gradient from 30 - 60% ^^Ar 
released (Figure 35). Throughout the age spectrum, GC-18 i s - 2 - 5  m.y. younger than 
GC-21 and GC-19 (Figure 29). Modeled cooling curves for GC-18 exhibit a poorly 
constrained zone of modeled cooling from 23.3 - 19 Ma, are isothermal from 19 - 16.2 
Ma and show fast cooling from 16.2 -14.8 Ma (70°C/m.y.).
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Biotite
Two biotite separates were analyzed, one each from the north and south lobes of 
the Red Butte stock (Figure 28). Neither of the biotite age spectra produced a plateau age 
(Figure 36) however, both samples yielded statistically valid inverse isochron ages of 
21.54±0.13 Ma (GC-21) and 21.05±0.15 Ma (GC-19) (Figure 37 and Table 2). Biotite 
ages, assuming relatively slow cooling and a nominal closure temperature range of 300 to 
350°C (McDougall and Harrison, 1999), are compatible with cooling curves derived from 
K-feldspar from the same rock sample.
The presence of excess argon in biotite from samples GC-21 and GC-19, evident 
in and corrected for on inverse isochron plots, suggests that the K-feldspar cooling 
histories may be skewed towards older ages. In addition, modeled cooling histories from 
samples GC-21 and GC-19 are both older than GC-18. No attempt was made to correct 
for this excess argon or to calculate a more appropriate age. Muscovite from GC-18 
shows an atmospheric initial '*°Ar/^Ar ratio and is consistent with other observations that 
K-feldspar from GC-18 is not significantly affected by excess argon. Therefore, 
interpretations are based largely upon ages of muscovite and K-feldspar from sample GC- 
18.
Muscovite
Four muscovite separates were analyzed, two from alaskite dikes (GC-18 and GC- 
22), one from the Proterozoic quartzite of Clarks Basin in Ingham Canyon (GC-25) and 
one from the Permian Oquirrh Formation just north of Woodchuck Canyon (GC-24) 
(Figure 28). Plateau ages for GC-18 and GC-22 were determined to be 20.80+0.12 Ma
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Figure 36: ^^Ar/ age spectra for biotite samples from the Red Butte 
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Figure 37: Inverse isochron plots for biotite samples GC-19 and GC-21. 
Both samples exhibit excess argon which is resolvable with the inverse 
isochron analysis and yield reliable cooling ages.
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GC-19 Tmg Biotite 22.38 0.13 21.05 0.15 1.2 4-11 :78.6% 151-177
GC-20 Aog Hornblende 46.52 0.26 88-125
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GC-23 Po Phlogopite 29.29 0.17 29.00 0.21 1.6 28.92 0.17 4-11 :69.2% 125-177
GC-24 Po Muscovite 62.35 0.32 177-250
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Table 2; Results o f "*®Ar/^ ^Ar thermochronology for biotite, muscovite, hornblende and phlogopite. Total gas ages were calculated 
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and 20.98±0.17 M a respectively while age spectra from samples GC-25 and GC-24 did 
not yield a plateau age (Figure 38). Samples GC-18, GC-22 and GC-25 yielded 
statistically valid inverse isochron ages of 20.86±0.21 Ma, 20.58±0.12 Ma and 
23.10±0.17 Ma respectively (Figures 39 and 40). Except for GC-24 which yielded a non- 
concordant age spectrum, muscovite age spectra are concordant from -5  to -95%  ^^Ar 
released. The age spectrum for GC-24 is discordant throughout and from 20 to 80% and 
from 0 to 10% ^^Ar released, a saddle shape and a slight thermal overprint, respectively, 
are present. If excess argon exists in this sample, then it is more appropriate to interpret 
the base of the saddle (50% ^^Ar released: 58.75±0.36 Ma) as the maximum age of the 
sample.
Both muscovite and K-feldspar separates were prepared and analyzed from GC- 
18. At 20.86 Ma, modeled K-feldspar cooling paths from GC-18 cover a range between 
350° and 300°C. Using the nominal closure temperature of 325-400°C for muscovite 
(Snee et al., 1988), there is concordance between muscovite and K-feldspar in sample 
GC-18.
Hornblende
Two hornblende separates were prepared from the Archean mafic intrusion. 
Sample GC-1 was taken from an unmapped screen of the Archean mafic intrusion -30  
meters from the north Red Butte lobe and sample GC-20 was taken Vï  mile north of the 
southern Red Butte lobe (Figure 28). An accepted closure temperature for argon in 
hornblende is -500°C  (Harrison, 1981). Total gas ages of 82.20±0.47 M a and 46.52±0.26 
Ma were measured for samples GC-1 and GC-20 respectively and age spectra are
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Figure 38: ^®Ar/ age spectra for muscovite samples.
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Figure 39: Inverse isochron plots for muscovite samples GC-18 and GC-22.
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Figure 40; Inverse isochron plot for sample GC-25.
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discordant throughout (Figure 41). However, the age spectra for GC-20 is markedly more 
concordant than for GC-1.
Phlogopite
One phlogopite separate (GC-23) was prepared from a 1-3 meter thick 
metasomatic marble adjacent to a quartz vein in Woodchuck Canyon at the contact 
between the Proterozoic quartzite o f Clarks Basin and the Pennsylvanian-Permian 
Oquirrh Formation (i.e. the Middle detachment) (Figure 28 and Plate 1). The metasomatic 
marble was only found in Woodchuck Canyon. At many locations where the Middle 
detachment separates the quartzite o f Clarks Basin from the Chainman-Diamond Peak 
Formation, a meters thick, deformed quartz vein was found.
Except for the first three heating steps which are affected by excess argon, GC-23 
exhibits a generally flattish age spectrum exists and yields a plateau age o f 28.92±0.17 
Ma and an inverse isochron age of 29.00+0.21 Ma (Figures 42). The closure temperature 
interval for argon in phlogopite ranges between 350 - 450°C (Grove, 1993).
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Figure 42:"^^Ar/^Ar age spectra and inverse isochron for sample GC-23.
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CHAPTER 6 
DISCUSSION
Three periods o f cooling in the Tertiary and one period of cooling in the 
Cretaceous are revealed by '*°Ar/^®Ar thermochronology (Wells et al., 2000a). The cooling 
events are interpreted to be associated with periods of large-scale extension. Cretaceous 
cooling is interpreted to be due to motion along the Emigrant Spring fault. The first and 
second periods of cooling in the Tertiary are interpreted to be due to Eocene (D2a) and 
Oligocene/Miocene (Dgn) motion along the Middle Mountain shear zone. The third 
period o f Tertiary cooling, the timing of which was previously loosely constrained, 
initiated in Middle Miocene time and is attributed to motion along the Upper detachment. 
Dates in this study address the last cooling event and greatly clarify the timing of post­
intrusion cooling of the Red Butte stocks. These interpretations are significant not only to 
the geologic history of the ARC, but also to the debate concerning the relationship 
between extension and magmatism and models of simultaneous bivergent extension.
Constraints on the Emigrant Spring fault
In the hanging wall of the Emigrant Spring fault, a muscovite total gas age of 
62.35±0.32 Ma was determined from sample GC-24 of the Oquirrh Formation (Table 2).
103
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Unlike the muscovite dated from the quartzite of Clarks Basin (GC-25), this muscovite 
age clearly does not date motion along the Middle Mountain shear zone or thermal 
resetting due to the Red Butte intmsion. The absence of a significant Oligocene thermal 
overprint in this sample, currently -9 0  meters structurally above the projected roof of the 
Red Butte pluton, suggests that the Middle Mountain shear zone and Middle detachment 
transported this sample to its current position during the Miocene after the intrusion of 
the Red Butte stocks. This sample was most likely situated to the east of the Red Butte 
stocks at 25.3 M a and therefore easily escaped a thermal overprint from the intruding 
stocks. Sample GC-24 is from an extremely grain size reduced marble tectonite with a 
marked 310° trending lineation. Similar fabrics have been noted above the Emigrant 
Spring fault in Pennsylvanian marble mylonite in the eastern Raft River Mountains 
(Wells, 1997). It is interpreted that this sample dates motion along the Emigrant Spring 
fault and that the 310° lineation trend possibly describes Emigrant Spring fault motion.
Constraints on the D2a shear zone
The 46.52+0.26 Ma hornblende age (GC-20) coincides with previously 
determined age brackets for motion along the Ü2a shear zone (Wells et al., 2000a). 
Muscovite total gas ages range from 47 to 37 Ma from the central Raft River Mountains 
to the westernmost Raft River Mountains at Dove Creek Pass, in a transect from beneath 
to within the heart of the Middle Mountain shear zone, with muscovite ages younging to 
the west (Figure 8) (Compton et al., 1977; Egger et al., 2000; Wells, unpublished data). 
The hornblende age spectra, however, are discordant and any interpretation based on 
them is thus questionable. Nonetheless, the Middle Eocene age may relate to cooling
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linked to earliest motion along the Middle Mountain shear zone. Sample GC-20 was 
apparently sufficiently removed from the Red Butte lobes to prohibit thermal resetting.
Interpreting the '*°Ar/^®Ar age for GC-1 is more speculative. Because the total gas 
age for GC-1 is not -25  Ma, this sample apparently escaped complete thermal resetting 
during Oligocene granitic intrusions event despite resting -30  meters from the north Red 
Butte lobe. A U-Pb zircon age of 25.3 Ma (Egger et al., 2000) suggests that the Red Butte 
pluton and nearby country rock were near 750°C at 25.3 Ma, which is sufficiently hot to 
thermally reset hornblende argon systematics -30  meters from the pluton margin, 
however, relatively fast cooling of the Red Butte intrusion may explain why hornblende 
argon ages were not completely reset. Alternatively, sample GC-1 may contain abundant 
excess argon.
Constraints on Oligocene vein injection
In Woodchuck Canyon, the contact between the quartzite of Clarks Basin and the 
Oquirrh Formation is the M iddle detachment. Mississippian rocks have been tectonically 
excised from this location but are present 200 meters to the north and south (Plate 1).
This contact is unusual because throughout the rest of the field area, Mississippian rocks 
occur above the Middle detachment. Also, sheared quartz veins were observed 
sporadically along the Middle detachment. Phlogopite (GC-23) from a marble at the 
contact with a quartz vein in Woodchuck Canyon (Figure 43) was dated at 29.00±0.21 
M a (‘*°Ar/^^Ar inverse isochron) which post-dates known motion along the Ü2a shear 
zone (Compton et al., 1977; Wells et al., 2000; Wells, unpublished data). It is interpreted 
that the Oquirrh Formation experienced metasomatism and phlogopite growth during
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 43: Photograph o f metasomatized marble found at the Middle detachment 
near Woodchuck Canyon where GC-23 was taken.
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crystallization o f a concordant quartz vein at 29 Ma. The quartz veins along the Middle 
detachment between Mississippian and Proterozoic rocks remain undated and no suitable 
minerals for dating were observed. It is speculated that these quartz veins may have 
intruded in one or multiple events at the same time of the dated phlogopite growth. At 
least one other deformed quartz vein occurs between the south Red Butte lobe and 
Mississippian rocks along the Middle detachment. The simplest interpretation for timing 
of emplacement of the quartz veins is that they were emplaced along the Middle 
detachment during the same intrusive event responsible for metasomatism in Woodchuck 
Canyon and that these veins were attenuated along the Middle detachment during D^b-
Constraints on the D?B shear zone and Red Butte intrusion
Deformation of feldspar and quartz during D2B shearing initiated at temperatures 
in excess of 550°C and continued to 350-300°C and is interpreted to have occurred during 
and/or shortly after the intrusion of the Red Butte stocks. The temporal and thermal 
characteristics of the D2B shear zone are further constrained with geo- and thermo- 
chronologic data consisting of zircon, K-feldspar, muscovite and biotite ages from the 
Red Butte stocks. A U-Pb zircon age of 25.3 Ma from the south Red Butte lobe and 
related Alaskite dikes (Egger et al., 2000) provides the time of intmsion for the Red Butte 
stocks. With respect to the radiogenic U-Pb system, zircon has a closure temperature of 
750°C (McDougall and Harrison, 1999). The earliest portion of constmcted K-feldspar 
cooling histories records a brief period of cooling in Late Oligocene-Early Miocene time 
(Figure 44) before quickly leveling off into a nearly isothermal period. A cooling path 
interpolated between this zircon age and the upper temperature range of the modeled K-
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feldspar data in sample GC-18, indicates a period of extremely rapid cooling from 750°C 
to ~315°C beginning at 25.3 Ma and continuing to 21 Ma (Figure 44). Furthermore, 
inverse isochrons of 21.54 and 21.05 Ma were measured from biotite in the north and 
south Red Butte lobes, respectively, and coincide closely with the initiation of the 
Miocene isothermal period.
An inverse isochron for muscovite in the quartzite of Clarks Basin (GC-25) yields 
an age of 23.10±0.17 Ma (Table 2). This sample was taken 16 mile southeast of the 
southern Red Butte lobe (Figure 28). Mineral lineations in the quartzite of Clarks Basin, 
defined predominately by the dated muscovite, are oriented -275° and grew during and 
parallel to D2b shearing. Muscovite samples GC-18 and GC-22 are both from roughly the 
same structural level and down-dip position with respect to the Middle detachment and 
are both about 2.5 m.y. younger than muscovite in GC-25. Parallel to D2B transport 
direction (-275°), GC-25 was sampled - 4  km up-dip along the Middle detachment from 
samples GC-18 and GC-22. Therefore, it is interpreted that muscovite in sample GC-25 is 
older than that in GC-18 and GC-22 because of relative position along the Middle 
detachment and that in the Early Miocene, assuming an immobile isotherm, the MMSZ 
had a slip rate of -1.6mm/yr. Sample GC-25 rested at a higher structural level during D2B 
and consequently passed through the closure interval sooner than GC-18 and GC-22, thus 
recording an older age. Throughout the ARG, mica ages decrease in the down-dip 
directions parallel to extension along the oppositely vergent MMSZ and the Raft River 
shear zones (Figure 8) (Wells et al., 2000; Wells unpublished data).
Following rapid cooling during D 2B extension, both lobes of the Red Butte 
intrusion and the alaskite dikes entered an isothermal period near temperatures of 315°C
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Figure 44: Thermal history o f the central Grouse Creek Mountains. Due to the suspected 
presence of excess argon in high-temperature steps for K-feldspar, their modeled cooling 
paths are interpreted to be maximum ages and we interpret the modeled cooling path for K- 
feldspar sample GC-18 to best represent the timing of cooling due to exhumation. The 
timing o f three extensional periods are revealed; the ductile D2A shear zone, the D2B shear 
zone and Middle detachment, and the brittle Upper detachment.
I l l
for the northern lobe, 335°C for the southern lobe and 305°C for the alaskite dikes 
(Figure 44). After extensional motion ceased along the Dzs shear zone, rocks in both 
lobes of the Red Butte stocks ceased to approach the surface and consequently, to cool 
any farther than ambient temperatures. This isothermal period is interpreted to represent a 
period of relative tectonic quiescence after motion concluded along the D2B shear zone. It 
is speculated that denudation along the D2B shear zone eventually caused temperatures to 
fall below the threshold for relatively easier ductile motion and that extensional stress 
could no longer be relieved along the MMSZ and must have begun to build up at these 
lower temperatures (-305 to 335°C).
The interpretation that -277° trending lineations in the 27 Ma Vipont intrusion 
(Wells et al., 1997b) in the northern Grouse Creek Mountains are the same as Dis 
lineations measured in the 25.3 M a Red Butte intrusion is significant and may place 
additional timing constraints upon D 2B motion. A '“’Ar/^^Ar muscovite plateau age of 27 
Ma from Muddy Canyon was interpreted to record thermal resetting by the Oligocene 
granitic intrusions. Because this sample is significantly removed from the Vipont 
intrusion, it is interpreted that Oligocene granitic rocks significantly raised geotherms in 
the ARG and that D2B motion was triggered by the Vipont intrusion and further facilitated 
by the Red Butte intrusion. This interpretation implies that D2B motion may be as old as 
27 Ma.
Constraints on alaskite and aplite Dikes
Alaskite and aplite dikes are abundant in the parautochthon and occur sporadically 
in the Red Butte stocks and Mississippian rocks, however, no such dikes or sills could be
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traced across unit contacts. Alaskite dikes bear -275° trending lineations on the west 
flank of the Grouse Creek Mountains and aplite dikes are undeformed or are deformed 
much less than alaskite dikes. Muscovite in alaskite dikes was dated at 20.86 Ma and at 
20.58 Ma (GC-18 and GC-22; inverse isochron ages) and these dates are interpreted to 
represent cooling ages. A date for the aplite dikes was not pursued. Aplite dikes have 
orientations consistent with emplacement during Ü2b, were not found to cross-cut the 
Middle detachment, and cross-cut and are therefore older than alaskite dikes. It is 
interpreted that the aplite dikes intruded after 20.5 Ma. Alaskite and aplite dikes in the 
hanging wall of the Middle detachment must have been transported west during final 
motion along the D2B shear zone.
Constraints on the Upper detachment
The thermal history for sample GC-18 (preferred K-feldspar cooling history) 
indicates a period of rapid cooling initiating near 16 Ma. If motion along the Middle 
detachment and the D2B shear zone ceased near 21 Ma, then another mechanism/structure 
must be responsible for this cooling, such as a structurally higher normal fault. Also, 
since cooling initiated near 300°C and was apparently rapid, motion along a normal fault 
would have been dominantly brittle. Cooling at 16 Ma due to motion along the M iddle 
detachment is also ruled out because no features indicating brittle motion, such as 
pseudotachylytes, fault breccia or slickensides, were observed. Thus, it is interpreted that 
cooling initiating at 16 Ma is due to motion along the brittle Upper detachment which 
cuts the Middle detachment in the field area (Plate 1). A time lag may also be present 
between the onset of Upper detachment motion and related cooling (Ketchum, 1996) and
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therefore, motion along the Upper detachment may have begun several million years prior 
to recorded cooling in Middle Miocene time in the Grouse Creek Mountains.
The Upper detachment has been mapped from the southern Grouse Creek 
Mountains, where it cuts an 11.7 M a rhyolite plug, to at least the Utah-Idaho border 
between Vipont and Middle Mountain (Compton, 1983; Wells, unpublished mapping 
1994-2001). It is interpreted that motion along the Upper detachment was continuous or 
episodic, thus inducing cooling at 16 Ma and later offsetting the 11.7 Ma rhyolite plug.
An unknown component o f ductile deformation may have been incorporated 
during early slip along the Upper detachment. When motion along the Upper detachment 
initiated, temperatures along the west flank of the ARG were near 350-300°C, which is 
sufficient for ductile deformation in quartz. However, if any low-temperature ductile 
shearing took place at the onset of motion along the Upper detachment, then it would 
quickly have been replaced by purely brittle motion as modeled K-feldspar data show 
temperatures along the west flank of the ARG dropping to 190°C by 14.8 Ma.
Relationship between extension and magmatism
Currently, a debate is centered around the cause-and-effect relationship between 
magmatism and extension in extensional tectonic settings. Lister and Baldwin (1993), 
Forrest et al. (1994), Hill et al. (1995), Spencer et al. (1995), Miller et al. (1999) and Spell 
et al. (2000) favor extension triggered by magmatism. Alternatively, Hawkesworth et al. 
(1995) proposed that magmatism in the Basin and Range province was induced by 
extension and Miller and Bedford (1999) proposed, based on cross-cutting field 
relationships, that granitic intrusions in the ARG occurred between extensional events.
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Thermochronologic data presented in this thesis provides further means to 
examine the relationship between magmatism and extension and the interpretation that 
D2B shearing closely followed the intrusion of the Red Butte stocks is especially 
important to this debate. If D2B shearing was temporally independent of the Vipont and 
Red Butte intrusions, then it would suggest that magmatism did not directly trigger 
extension. However, kinematic and thermochronologic data indicate that D2B shearing 
occurred during or shortly after the intrusion of the Vipont and Red Butte plutons. It is 
interpreted that pulses of magmatism in Oligocene time thermally weakened an otherwise 
undeformable crust and that Oligo-Miocene extension along the D 2B shear zone was 
triggered by a raised geothermal gradient.
Validity of the ARG as a type example for simultaneous bivergent motion
Resolving the timing of motion along the MMSZ is critical in comparing motion 
between the MMSZ and the Raft River shear zone (Wells et al., 2000a) and previously, 
D2B motion was poorly constrained. This comparison is significant because the ARG has 
been proposed and cited as a type-example of an MCC in which motion along shear zones 
was simultaneously bivergent (Malavieille, 1993; Hetzel et al., 1995).
New thermochronologic data place tight temporal constraints upon motion along 
the Middle Mountain shear zone and Middle detachment and provide insight towards 
assessing the validity of such a model. The Raft River shear zone was active from 16 to at 
least 7.4 Ma and may have been active as early as 25 Ma (Wells et al., 2000); the D2B 
shear zone was active from 25.3 to 21 Ma and the Upper detachment was active from at 
least 16 through 11.7 Ma. However, '’^ Ar/^^Ar muscovite ages that may record 25-20 Ma
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cooling due to activity along the Raft River shear zone may alternately be interpreted to 
be associated with top-to-the-west extension along the MMSZ (Wells et al., 2000). Thus, 
two periods of simultaneous bivergent motion in the ARG are possible. The first period 
may have occurred from 25 to 21 Ma which is entirely dependent upon whether the 
muscovite ages reported in Wells et al. (2000) record motion along the Raft River shear 
zone or MMSZ and it is currently not possible to favor either fault system. The second 
period of simultaneous motion is more tightly constrained because assignment of 
thermochronologic ages to a specific fault system is more straightforward. It is interpreted 
here that top-to-the-west extension was active from 16 to at least 11.7 Ma and Wells et al. 
(2000) documented top-to-the-east extension from 16 to 7.4 Ma. These two periods of 
simultaneous motion represent a significant fraction of the history of extension in the 
ARG which supports Malavieille’s (1993) proposal that the ARG experienced 
simultaneous bivergent extension. However, extension in the ARG was not symmetric 
throughout its evolution but rather experienced top-to-the-west motion along the MMSZ 
in the Eocene and simultaneous top-to-the-west and top-to-the-east motion in the Late 
Oligocene to the Middle or Late Miocene. Therefore the model proposed in Malavieille 
(1993) is largely applicable to the Late Oligocene through Miocene history of the ARG, 
but not the Eocene extensional history.
The model proposed in Wells et al. (2000), which more fully accounts for all the 
data and observations in previous research, can be refined and improved with the data 
presented in this thesis. Proposed modifications to this model are: depiction of 
emplacement and westward translation of the roof of the Red Butte stocks along the DzB 
shear zone, motion along the Upper detachment contemporaneous with motion along the
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Raft River detachment, and a tightening o f the timing and durations for parts of the 
episodic extensional history (Figure 45).
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CHAPTER 7 
CONCLUSIONS
(1) The Tertiary Middle Mountain shear zone in the central Grouse Creek Mountains 
records two periods of top-to-the-west and northwest extension here termed DzA and D2B.
(2) The DzB shear zone was active as early as 27 Ma and motion continued until -21 Ma. 
The D2B shear zone was thinner than and experienced motion at shallower crustal levels 
than the D2A shear zone and during D2B, strain was partitioned into the relatively weak 
quartzite of Clarks Basin and upper levels of the Red Butte stocks instead of the relatively 
strong Archean orthogneiss.
(3) The Ü2B strain gradient is steeper in the Archean orthogneiss than in the Red Butte 
stocks and overall, is steeper than the D2A strain gradient. These differences are most 
likely due to a difference between relative temperatures between granitic units in Eocene 
and Oligo-Miocene time and a difference in depth and ambient temperature between the 
Ü2A and Ü2B shear zones.
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(4) Mean lineation trends recording Eocene and Oligocene through Miocene top-to-the- 
west motion in the northern (307° and 277°) and southern (305° and 275°) Grouse Creek 
mountains are very similar and are interpreted to represent lateral uniformity of the two- 
stage history along the Middle Mountain shear zone.
(5) Following an isothermal period after motion ceased along the Middle Mountain shear 
zone, top-to-the-west extension was resumed along the Upper detachment. The Upper 
detachment began activity at least by 16 Ma and motion was either continuous or episodic 
until at least 11.7 Ma. Top-to-the-west motion along the Upper detachment began at 
temperatures near 300°C, was dominantly brittle, was possibly associated with an initial 
brief period of ductile deformation, and quickly cooled afterwards.
(6) The intrusion of the Red Butte stocks and motion along the Dig shear zone are closely 
related in time and it is interpreted that Oligocene magmatism thermally weakened the 
crust and triggered extension.
(7) Simultaneous bivergent motion occurred sporadically in the ARG and new 
thermochronology and interpretations roughly support Malavieille's (1993) model which 
describes the ARG as a type example of such bivergent motion. It is interpreted that the 
model proposed in Wells et al. (2000) more closely resembles the Eocene through 
Miocene structural history of the ARG and the following modifications and 
improvements are proposed; depiction of emplacement and westward translation of the 
roof of the Red Butte stocks, simultaneous motion along the Upper detachment and Raft
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River detachment in Miocene time, and tightening of timing constraints for the evolution 
of the extensional history.
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APPENDIX A 
DESCRIPTION OF UNITS
A og ; T he G reen C reek C om plex is com prised  o f  fo liated orthogneiss/gneissic  rocks that intrude o lder 
schists and am phibolites (A rm strong, 1968b; C om pton  el al., 1977). T he orthogneiss reco rds at least three 
(D |. D -a and Dig) ductile  shearing  events beg inn ing  in the C retaceous (W ells, 1997). T op-to -the-north  D | 
foliation is penetrative and occurs throughout the co re  com plex w hile top-to-the-w est D 2A and D;g are  only 
found in the P recam brian  basem ent beneath  the M idd le  D etachm ent. T he D -a shear zone is th icker than the 
Dig shear zone and both becom e successively  w eaker below  the M iddle D etachm ent. In the cen ter o f  the 
core com plex, the A og exhibits only D ,. T he o rthogneiss is rich in quartz  and fe ldspar and also contains 
garnet and abundant b io tite  w hich has a ltered  to ch lorite . Q uartz crystals have been dynam ically  
recrysta llized  during D^A and Dig and ex ists as new ly recrystallized , equant, polygonal crystals o r as 
interlobate crystals with string  undulatory  ex tinction . K -feldspar crystals exhibit m yrm ekite grow th, 
undulatory extinction  and co re  and m antle structures. A w ell-developed S-C  fabric is p resen t th roughout the 
A og in the field area. T he orthogneiss is in truded by the Ami (A rchean m afic intrusion), now  am phibolite , 
com prised  m ostly  ( - 50 % )  o f  hornblende with quartz , epidote , p lagioclase, zircon and unknow n oxides.
Am i : A rchean m afic intrusion : C om posed m ostly  o f  hornblende, quartz  and p lag ioclase , this am phibolite  
unit crops out ex tensively  east and sporad ica lly  w est o f  the two lobes o f  the Red B utte stocks. O ften, it ju ts  
out above the Aog country  rock  and is easily  seen from  a d istance due to its dark  color. A ccessory  m inerals 
include sphene, garnet, iron ox ides and zircon.
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Proterozioc Elba quartzite : This unit oldest metasedimentary unit that unconformably overlies the Green 
Creek complex. The Elba quartzite is 150-300m thick in the field area but is as thin as 3m in some places of 
the core complex due to attenuation and plastic flow. The Elba Quartzite was greatly attenuated by 
Mesozoic top-to-the-north shear and the top-to-the-west Eocene-Oligocene Middle Mountain shear zone 
and is generally less strained in the Albion Mountains (Wells, 2001).
Proterozoic schist of Stevens Spring : This formation is a slope-forming, graphitic schist occurring between 
the more competent Elba and Clarks Basin quartzite units. A well-developed penetrative crenulation is 
present throughout the unit in the field area. In the Grouse Creek Mountains, this formation is 400’ thick,
Proterozoic quartzite of Clarks Basin: This formation is a prominent ridge-forming unit composed mostly of 
off-white, 1” thick quartzite layers. Trace muscovite can be found defining a west-trending lineation. 
Muscovite is found concentrated in partings and this minéralogie concentration may be responsible for its 
flaggy nature. This formation is entirely within the Dig mylonite zone and possesses a -275° lineation that 
is distinct from the -295° (D?*) lineation found in the Aog.
Neoproterozoic schist of Mahogany Peaks : Stratigraphically overlying the quartzite of Clarks Basin is the 
Neoproterozoic schist of Mahogany Peaks. This dark schist contains garnet and large staurolite 
porphyoclasts. This formation has previously been mapped in Ingham Canyon (Todd, unpublished 
mapping) however the author could not locate these outcrops.
Mcdp: Mississippian Chainman-Diamond Peak : This formation is dominated by a black, fine grained 
metamorphosed shale with quartzite and conglomerate. The lower bounding structure of this unit is the 
Middle detachment. The Mcdp bears the same -275° lineation that is found in the quartzite of Clarks Basin. 
Just above the Middle detachment in Ingham Canyon are 1-3 mm pressure shadows also oriented at -275°.
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Pennsylvanian-Permian Oquirrh Formation : This formation is a light bluish-gray marble, limestone and 
calcareous sandstone formation bearing muscovite and containing plentiful crinoid, bryozoan and coral 
fossil fragments (Armstrong, 1968b). In the field area, many small west-vergent folds exist that may be 
related to D^b- Determining the thickness of the Po is difficult because of the poorly exposed upper 
boundary but is 1000’ thick. A single lineation of 310° was measured and although this is indicative of D-a- 
this lineation is likely to represent a latest Cretaceous fabric.
Permain Gerster Formation : In the field area this formation is unmetamorphosed and is the lowest 
structural member of the upper allochthon. It is in fault contact with the Oquirrh formation below. The 
Gerster Formation is a sandy, dolomitic limestone rich with brachiopods and chert (Doelling, 1980).
Lower Triassic Thaynes Formation : This formation is unmetamorphosed in the field area and rests within 
the upper allochthon. The Thaynes formation is a fossiliferous limestone and sandstone (Armstrong, 1968b; 
Compton et al„ 1977; Doelling, 1980) that is in direct contact with the metamorphosed Precambrian 
basement on the west flank of the central Grouse Creek Mountains, Separating these two units is the Upper 
detachment.
Late Oligocene Red Butte stock : The main phase of the Red Butte stock (Tmg) is a medium-grained 
feldspar and quartz dominated two-mica monzogranite. Accessory minerals include zircon, apatite and 
opaque oxides. Two phases of late-stage intrusive dikes/sills also occur. A muscovite and garnet bearing 
alaskite phase and a fine grained, garnet bearing aplite phase cropout well along the west flank of the 
Grouse Creek Mountains near the main phase and also between the north and south lobes. Nearly all the 
alaskite and aplite dikes trend perpendicular to L;a and L:b or parallel to FiA- Zircon rims from the main 
phase of the Red Butte stock were dated at 25.3 Ma (Egger et al., 2000),
The main phase occurs as two lobes that crop out well over several square miles. It is probable that 
these two lobes are joined at depth and are two arms of the same stock. Weathering into bizarre hoodoo
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spires and towering cliffs, the Red Butte stocks are a prominent formation that clearly stands out from a 
distance (see Frontispiece).
Qo and Qa : There are two Quaternary alluvium deposits mapped in the field area. The first and older is 
Quaternary older alluvium (Qo) cropping out extensively west and north of the field area and overlapping 
the allochthonous sheets of the core complex in the field area in areas of low topography. Found in stream 
channels and low meadows on the west flank of the field area are Holocene(?) alluvial deposits (Qa) 
composed of uncemented assorted gravels and sands.
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APPENDIX B
DESCRIPTION OF THIN SECTIONS 
Quartzite of Clarks Basin
GC-5 and GC-15: Quartz grains are interlobate and subgrains have semi-clear boundaries with sweeping 
undulatory extinction (Figure 23). A grain shape fabric oblique to S-b is defined by slightly elongate 
subgrains oriented -30° from S^ b- Muscovite is rare and relatively undeformed except for the rare 
occurrence of micro-mica fish. Samples preserve deformation features typical of low-temperature 
noncoaxial shearing (450°C). Asymmetric type one crossed girdles in LPO plots are present indicating a 
combination of basal, rhomb and prism slip in dynamically recrystallized quartz. The occurrence of patchy 
to sweeping undulatory extinction, combined with basal, rhomb and prism slip indicate a low temperature 
overprint of an existing high temperature fabric.
GC-7 and GC-14: Similar to GC-5, quartz in GC-7 and GC-14 is heavily divided into subgrains with 
undulatory extinction. Quartz deformation bands are oblique to foliation and perpendicular to the long axis 
of most quartz grains (Figure 23). This long axis orientation defines grain shape fabric oblique to S^b in 
quartz that is more developed than GC-5. Grain boundaries in quartz are slightly curved due to extensive 
grain boundary migration. LPO work indicates deformation of GC-7 and GC-14 is dominated by rhomb and 
prism slip. Due to the presence of sweeping undulatory extinction, the lack of patchy extinction and the 
minor role basal slip, this sample experienced deformation consistent with regime 3 at temperatures of 
-450-500°C (Hirth and Tullis, 1992).
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GC-9 : Quartz in this sample experienced extensive dynamic recrystallization and deformation is dominated 
by prism slip as revealed through LPO studies. An intense grain shape fabric oblique to S-b is present and is 
more highly developed than in samples GC-5 and 7 (Figure 23). New, relatively small quartz grains and 
subgrains show 120° boundaries, although grain boundaries are somewhat unclear. This sample is consistent 
with mid to high temperature deformation (550° -  650°C) and regime 3 (Hirth and Tullis, 1992).
Precambrian Orthogneiss in Ingham Canyon 
GC-35; In quartz, widespread undulatory extinction provide evidence for dislocation glide and small 
undeformed grains and the faint formation of subgrains provide evidence for subgrain rotation 
recrystallization in Ingham Canyon below the Middle Detachment, Feldspars preserve evidence of higher 
temperature deformation features than quartz and occur as larger interlobate porphyroclasts surrounded by a 
distinct mantle of smaller equant grains. A significant amount of feldspar crystals are equant with 120° 
crystal edges. Feldspar porphyroclasts show undulatory extinction, myrmekite quarter structures, oblique- 
to-foliation deformation lamellae and recrystallization along grain edges. Quarter structures are suitably 
oriented to support top-to-the-west shear sense. Deformation temperatures are estimated between 400-500°
C for feldspar and between 300-500° C for quartz.
This sample is a D?* mylonite located just below the Pe and Aog unconformity in Ingham Canyon. 
The spatial distribution of D^b in Ingham Canyon is difficult to map. The dominant lineation is L-a (320°) 
even considering its close proximity to the Middle Detachment. However, L^b was measured in structurally 
lower positions nearby in Ingham Canyon. D, is completely overprinted at this locality.
GC-34: Small, newly recrystallized quartz grains in GC-34 are significantly more equigranular than GC-35. 
However, quartz and feldspar porphyroclasts are interlobate and exhibit undulatory extinction suggesting 
deformation temperatures sufficient for the activity of dislocation glide. Both quartz and feldspar 
porphyroclasts demonstrate core and mantle structures and show extensive subgrain formation. GBM in 
quartz occurs throughout resulting in curved grain boundaries. Deformation temperatures are estimated 
between 400-500° C for feldspar and between 300-500° C for quartz. This samples dominant lineation is
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301° (Lia), however, measurements of -276° were taken nearby. The coexistence of D-a and D-,, suggests it 
did not endure a major D:b overprint and was probably near the extreme lower boundary of the D-b shear 
zone. Samples GC-34 and GC-33 are lower than GC-35 in structural position.
GC-33: Plagioclase porphyroclasts in this sample have straight polysynthetic twins, slight undulatory 
extinction and polygonal subgrain boundaries. Outside the feldspar porphyroclasts, recrystallized K- 
feldspar crystals have 120° grain boundaries and show no signs of deformation subsequent to recovery. 
Older K-feldspar porphyroclasts exhibit myrmekite growth. Quartz experienced widespread GBM and is 
heavily subgrained with rough 120° grain boundaries, more so than the feldspars. GC-33 exhibits more 
strain, is closer to the Red Butte stocks and the Middle detachment than GC-35 and GC-34. Deformation 
temperatures are estimated between 400-500° C for feldspar and between 300-500° C for quartz. This 
sample possesses a lineation of 303° which is indicative of Dia- However, many nearby lineation 
measurements of 270° to 290° were taken suggesting that GC-33 rested in the lower portion of the D;b 
shear zone.
Precambrian Orthogneiss east of the Red Butte stocks 
GC-29: Sample GC-29 experienced deformation similar to that displayed in samples GC-35, GC-34 and 
GC-33. K-feldspar exhibits asymmetric porphyroclasts with myrmekite growth and slight subgrain 
development. Quartz porphyroclasts are highly subgrained and demonstrate undulatory extinction. Many 
recrystallized quartz grains show signs of GBM and have slightly rounded grain boundaries, suggesting 
incomplete recrystallization.
Sample GC-29 appears very similar to Aog samples influenced by D^ u taken in Ingham Canyon. 
This sample was taken from below the base of the D^b shear zone. Its main lineation is 350° (Li) and the 
myrmekite growth around K-feldspar is most likely also D,. Biotite defined L;a trending 330° is present but 
does not significantly overprint D,. With respect to deformation regime, it is thus interpreted that the D| and 
D:a shear zones are similar and can not be distinguished from each other based on K-feldspar and quartz 
deformation alone.
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GC-28: Polygonal populations of fine-grained quanz coexist with subgrained and anhedral quartz 
porphyroclasts in this sample. Quartz and feldspar occur in equigranular ribbons that do not deviate from 
p2A unlike other more inequigranular samples (e.g. GC-35, GC-34, GC-33 and GC-29). Quartz 
porphyroclasts show undulatory extinction, GBM and subgrain formation indicative of deformation 
temperatures near 400° -  500° C.
Feldspar porphyroclasts do not exhibit myrmekite growth in this sample. Whether the lack of 
myrmekite growth is typical of this sample location or a smaller anomaly is unclear. The dominant lineation 
in this sample is L2A (302°) but a weak L2B (270° - 280°) may co-exist with D2A at this location. Significant 
fluctuation in D2A was measured at this location and it is most likely that all lineations at this site are D2a- 
This latter scenario would be consistent with other observations concerning the almost complete lack of L2B 
east of the Red Butte stocks (Figure 11).
Red Butte Stocks
GC-17 ; Tmg-myIonite in southern lobe ; Feldspar and quartz grains are significantly larger in the Tmg than 
in most Aog samples. K-feldspar porphyroclasts are surrounded by smaller recrysiallized feldspar and 
plagioclase exhibits bent polysynthetic twins both of which suggests deformation temperatures of 400° -  
500° C. Mica fish are rare (Figure 25). Some K-feldspar porphyroclasts exhibit brittle book-stack features 
supportive of top-to-the-west transport. Book-stacked grains also show undulatory extinction and subgrain 
formation. Recrystallized quartz occur in S shear bands in a well developed S-C shear fabric (Figure 22).
GC-21 Tmg in northern lobe : The Red Butte stock experienced extensive shearing only in its uppermost 
regions although a weak foliation is present everywhere except in exposure in the pluton interior in deeply 
eroded canyons. Extensive GBM, subgrain formation, myrmekite growth and undulatory extinction deform 
K-feldspar grains and indicate that D2B deformation occurred after initial cooling. Deformation 
temperatures are estimated between 300-400° C for quartz and feldspar.
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APPENDIX C 
THERMOCHRONOLOGY DATA TABLES
GC-1, hornblende, 22.21mg, J  = 0.001575 ± 0.5%
4 amu discrimination = 1.01919 ± 0.31%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T(C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 750 12 0.97 679.345 35.0 0.3 243.6278 585.91 6.41
2 850 12 0.92 62.464 41.6 0.3 22.0194 61.51 0.99
3 950 12 10.13 403.705 89.6 3.4 34.7110 96.03 0.63
4 990 12 7.35 257.442 92.1 2.5 30.6818 85.14 0.84
5 1030 12 77.19 1721.517 94.5 25.8 21.1184 59.03 0.38
6 1060 12 67.78 1989.482 97.4 22.7 28.6767 79.70 0.50
7 1090 12 5.14 155.969 96.8 1.7 26.7872 74.55 0.50
8 1130 12 33.90 948.301 96.3 11.3 26.6944 74.30 0.48
9 1180 12 50.38 1621.504 97.2 16.8 31.2587 86.70 0.55
10 1215 12 32.10 1290.763 97.9 10.7 39.2211 108.14 0.68
11 1245 12 5.45 274.483 95.1 1.8 45.2073 124.09 1.13
12 1280 12 3.89 196.858 97.6 1.3 45.3245 124.40 0.92
13 1310 12 1.82 106.041 96.8 0.6 47.2601 129.52 0.85
14 1400 12 2.08 122.514 95.5 0.7 46.6081 127.80 0.86
Total gas age = 82.20 0.47
no plateau
GC-18, K-feldspar, 20.58 mg, J := 0.0016075 * 0.5%
t amu discrimination = 1.01706 ± 0.38%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
Step T(C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 422 13 3.342 667.884 9.9 0.1 19.4890 55.65 2.23
2 473 13 12.823 680.36 38.6 0.2 20.0871 57.33 0.69
3 473 28 13.575 339.109 24.4 0.2 5.5664 16.07 0.37
4 525 13 41.167 967.414 55.7 0.6 12.9236 37.10 0.35
5 525 28 46.143 456.294 54.0 0.7 4.9929 14.42 0.16
6 576 13 90.571 890.978 76.0 1.4 7.3753 21.26 0.17
7 576 28 95.885 695.493 75.1 1.5 5.2259 15.09 0.15
8 627 13 134.463 957.313 79.6 2.1 5.5719 16.09 0.12
9 627 28 125.244 799.664 86.3 1.9 5.2947 15.29 0.14
137
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GC-18 : K-feldspar : continued
Step T{C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) ls.d.
10 679 14 148.771 935.822 87.9 2.3 5.4342 15.69 0.11
11 679 29 141.221 856.981 91.5 2.2 5.3552 15.46 0.11
12 709 14 90.913 553.92 92.0 1.4 5.4304 15.68 0.11
13 740 14 115.908 703.064 92.5 1.8 5.4777 15.82 0.11
14 771 14 118.498 714.636 93.3 1.8 5.4954 15.87 0.11
15 802 14 117.157 709.504 93.8 1.8 5.5351 15.98 0.11
16 833 14 116.757 712.85 93.8 1.8 5.5827 16.12 0.11
17 863 14 124.085 772.571 93.1 1.9 5.6607 16.34 0.12
18 894 14 132.564 844.165 92.6 2.0 5.7724 16.66 0.12
19 925 14 138.94 921.967 90.5 2.1 5.8931 17.01 0.12
20 956 14 146.464 1027.788 88.2 2.2 6.0885 17.57 0.13
21 987 14 158.637 1185.424 85.2 2.4 6.2748 18.11 0.13
22 1018 14 172.258 1374.312 82.9 2.6 6.5294 18.84 0.14
23 1048 14 188.887 1601.527 80.9 2.9 6.7852 19.57 0.15
24 1079 14 216.074 1918.612 80.2 3.3 7.0589 20.36 0.15
25 1089 14 173.831 1572.172 81.0 2.7 7.2438 20.89 0.16
26 1089 24 202.461 1852.25 81.5 3.1 7.3477 21.18 0.16
27 1089 39 220.121 2070.648 81.4 3.4 7.5093 21.65 0.16
28 1089 59 227.815 2233.046 80.3 3.5 7.6597 22.08 0.17
29 1089 89 244.597 2513.286 79.1 3.7 7.8486 22.62 0.17
30 1089 119 238.239 2576.471 77.8 3.6 8.0323 23.15 0.18
31 1115 44 130.229 1450.018 77.0 2.0 8.2905 23.88 0.19
32 1141 29 148.856 1691.709 75.9 2.3 8.4526 24.35 0.19
33 1200 15 266.116 3109.113 75.4 4.1 8.7634 25.24 0.19
34 1250 15 762.663 8355.351 79.0 11.7 8.6627 24.95 0.19
35 1280 15 801.596 8247.537 82.1 12.3 8.4554 24.36 0.18
36 1320 15 380.015 3898.544 82.4 5.8 8.4166 24.25 0.18
37 1350 15 43.22 535.515 81.1 0.7 9.4684 27.25 0.21
38 1400 15 11.198 184.97 79.0 0.2 10.7839 31.01 0.44
Total gas age = 21.26 0.09
GC-18, muscovite, 9.30 mg, J  = 0.001608* 0.5%
4 amu discrimination = 1.01358 ± 0.28%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T(C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) ls.d.
1 650 12 33.189 1094.659 27.4 1.4 8.8481 25.49 0.33
2 695 12 31.42 408.804 59.7 1.4 7.3036 21.06 0.20
3 740 12 50.84 589.309 67.2 2.2 7.3573 21.22 0.15
4 785 12 96.044 1028.667 71.2 4.2 7.3873 21.30 0.15
5 825 12 213.188 2075.586 76.1 9.3 7.3036 21.06 0.14
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GC-18 : muscovite: continued
step T(C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) ls.d.
6 865 12 412.508 3406.573 88.4 18.0 7.2496 20.91 0.13
7 905 12 394.152 3109.912 92.6 17.2 7.2210 20.83 0.13
8 940 12 278.669 2239.896 91.1 12.2 7.1983 20.76 0.13
9 980 12 202.624 1687.292 88.4 8.8 7.1843 20.72 0.13
10 1025 12 133.939 1178.344 84.6 5.8 7.1774 20.70 0.13
11 1070 12 119.646 1077.145 83.6 5.2 7.2328 20.86 0.13
12 1115 12 167.577 1390.232 91.2 7.3 7.2785 20.99 0.13
13 1170 12 146.835 1146.704 98.1 6.4 7.3043 21.07 0.13
14 1230 12 9.261 119.579 98.2 0.4 7.0919 20.46 0.19
15 1400 12 1.358 77.568 97.5 0.1 8.1321 
Total gas age = 
plateau age =
23.44 
20.97 
20.80 
(steps 6-11)
1.12
0.12
0.12
GC-19, K-feldspar, 16.41 mg, J  = 0.001610 ± 0.5%
4 amu discrimination = 1.01879 ± 0.07%, 40/39K =0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
Step T (C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) ls.d.
1 422 13 0.874 653.283 5.1 0.02 37.9763 107.06 2.92
2 473 13 4.784 827.312 43.4 0.09 74.2995 203.85 1.74
3 473 28 5.366 201.373 20.8 0.10 6.8158 19.69 0.56
4 525 13 16.201 1029.043 57.2 0.29 36.0061 101.66 0.54
5 525 28 16.941 238.269 45.7 0.31 5.7217 16.54 0.11
6 576 13 30.968 436.148 63.6 0.56 8.7121 25.13 0.23
7 576 28 34.257 302.732 70.5 0.62 5.6977 16.47 0.10
8 627 13 54.205 501.247 75.0 0.98 6.7406 19.47 0.11
9 627 28 61.228 425.324 81.3 1.10 5.2830 15.28 0.08
10 679 14 86.425 609.764 87.6 1.56 6.0453 17.47 0.09
11 679 29 93.936 613.668 89.5 1.69 5.5973 16.19 0.09
12 709 14 70.724 446.583 95.2 1.27 5.8148 16.81 0.09
13 740 14 100.69 635.672 94.6 1.81 5.8433 16.89 0.09
14 771 14 120.98 766.796 94.8 2.18 5.9062 17.07 0.09
15 802 14 131.409 823.093 96.3 2.37 5.9184 17.11 0.10
16 833 14 132.105 821.6 96.8 2.38 5.9045 17.07 0.09
17 863 14 134.054 844.945 96.1 2.42 5.9434 17.18 0.09
18 894 14 133.979 857.345 96.0 2.41 6.0310 17.43 0.09
19 925 14 131.255 864.858 94.1 2.37 6.0894 17.60 0.09
20 956 14 127.499 876.179 92.3 2.30 6.2278 18.00 0.09
21 987 14 128.867 932.431 89.8 2.32 6.3801 18.44 0.10
22 1018 14 133.471 1028.048 87.2 2.41 6.6045 19.08 0.10
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GC-19 : K-fe!dspar : continued
Step T(C) t(min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
23 1048 14 141.032 1158.302 85.2 2.54 6.8993 19.93 0.10
24 1079 14 157.05 1376.946 83.2 2.83 7.2176 20.84 0.11
25 1089 14 124.594 1118.118 84.1 2.25 7.4367 21.47 0.11
26 1089 24 144.164 1328.398 84.3 2.60 7.6273 22.02 0.12
27 1089 39 157.45 1495.623 85.5 2.84 7.9302 22.89 0.12
28 1089 59 165.858 1658.539 84.3 2.99 8.1607 23.55 0.12
29 1089 89 176.983 1860.48 84.1 3.19 8.4730 24.44 0.13
30 1089 119 171.857 1908.075 82.8 3.10 8.6995 25.09 0.14
31 1115 44 92.201 1057.205 82.6 1.66 9.0994 26.24 0.15
32 1141 29 91.497 1065.454 83.1 1.65 9.3730 27.02 0.14
33 1200 15 157.871 1889.972 82.0 2.85 9.7278 28.04 0.15
34 1250 15 550.607 6172.986 84.6 9.92 9.4866 27.35 0.14
35 1280 15 839.42 8808.702 87.3 15.13 9.1801 26.47 0.14
36 1320 15 669.285 7056.721 86.7 12.06 9.1389 26.35 0.14
37 1350 15 108.659 1253.907 84.5 1.96 9.5456 27.52 0.14
38 1400 15 28.839 384.97 82.0 0.52 10.0755 29.03 0.18
39 1500 15 17.193 274.929 75.1 0.31 10.6586 30.70 0.19
40 1500 30 4.086 306.046 14.3 0.07 9.2231 26.59 0.82
Total gas age = 23.40 0.10
GC-19, biotite, 9.34mg, J = 0.001595 ± 0.5%
4 amu discrimination = 1.01919 ± 0.31%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T (C) t (min.) 39Ar 4GAr %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 620 12 70.264 6320.223 16.3 3.5 14.6424 41.65 0.82
2 650 12 111.353 2081.756 42.6 5.6 7.9699 22.79 0.21
3 690 12 205.89 2348.962 65.9 10.4 7.5224 21.52 0.16
4 725 12 286.884 2662.055 80.6 14.5 7.4767 21.39 0.14
5 760 12 254.016 2244.175 84.7 12.8 7.4753 21.38 0.14
6 800 12 146.236 1358.096 81.6 7.4 7.5485 21.59 0.15
7 860 12 100.325 1146.541 68.7 5.1 7.8109 22.34 0.17
8 925 12 112.783 1472.23 60.0 5.7 7.7908 22.28 0.17
9 980 12 251.117 2481.066 77.0 12.7 7.5942 21.72 0.15
10 1030 12 296.409 2593.341 85.8 15.0 7.4932 21.43 0.14
11 1080 12 107.544 950.261 86.1 5.4 7.5172 21.50 0.14
12 1130 12 31.375 294.366 85.7 1.6 7.6600 21.91 0.17
13 1190 12 4.887 67.337 70.8 0.2 7.6114 21.77 0.45
14 1400 12 3.218 79.549 44.3 0.2 8.6876 24.83 0.51
Total gas age = 22.38 0.13
no plateau
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GC-20, hornblende, 24.70 mg, J = 0.001609 ± 0.5%
4 amu discrimination = 1.01358 ± 0.28%, 40/39K = 0.000 : : 0.0002%
16/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T(C) t (min.) 39Ar 40 Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 750 12 0.851 1139.879 39.4 0.2 533.1254 1112.25 6.82
2 850 12 0.923 103.394 19.9 0.3 19.5354 55.49 2.01
3 950 12 7.616 199.45 64.0 2.1 15.4222 43.95 0.29
4 1000 12 16.374 312.181 80.9 4.5 14.6987 41.91 0.30
5 1030 12 39.469 715.027 87.3 10.8 15.6137 44.49 0.26
6 1045 12 46.902 812.014 92.7 12.9 15.8895 45.26 0.26
7 1060 12 25.089 416.819 93.1 6.9 15.0209 42.82 0.26
8 1080 12 6.106 107.171 93.3 1.7 13.7641 39.28 0.30
9 1100 12 9.856 161.603 92.6 2,7 13.6320 38.90 0.26
10 1125 12 42.886 661.678 92.0 11.8 13.9703 39.86 0.23
11 1150 12 73.634 1203.529 92.2 20.2 14.9791 42.70 0.26
12 1170 12 30.957 550.82 94.1 8.5 16.2678 46.33 0.27
13 1220 12 19.537 373.909 91.8 5.4 16.7257 47.62 0.35
14 1400 12 43.948 824.891 92.4 12.1 16.9955 
Total gas age =
48.37
46.52
0.28
0.24
no plateau
GC-21, K-feldspar, 17.53 mg, J = 0.001565 ± 0.5%
4 amu discrimination = 1.01879 ± 0.07%, 40/39K =0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
Step T (C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 422 13 0.706 612.065 2.8 0.0 24.4792 67.82 3.65
2 473 13 2.51 299.541 26.6 0.0 30.5033 84.13 1.09
3 473 28 2.421 134.683 16.3 0.0 7.2907 20.47 0.91
4 525 13 10.846 516.678 52.4 0.2 24.3968 67.60 0.36
5 525 28 11.343 206.329 39.7 0.2 6.3078 17.72 0.13
6 576 13 24.313 362.456 68.5 0.4 9.8615 27.63 0.18
7 576 28 28.684 299.995 64.1 0.5 6.1301 17.23 0.13
8 627 13 51.041 491.666 77.2 0.9 7.2205 20.27 0.11
9 627 28 62.214 485.309 85.4 1.0 6.2896 17.67 0.10
10 679 14 72.626 548.206 88.3 1.2 6.4945 18.24 0.10
11 679 29 96.807 687.843 93.2 1.6 6.3693 17.89 0.09
12 709 14 77.963 549.228 94.3 1.3 6.4777 18.20 0.10
13 740 14 111.387 768.972 94.7 1.9 6.4291 18.06 0.10
14 771 14 137.295 935.045 96.6 2.3 6.4902 18.23 0.09
15 802 14 155.278 1061.711 97.0 2.6 6.5407 18.37 0.10
16 833 14 168.897 1156.206 97.3 2.8 6.5804 18.48 0.10
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GC-21 : K-feldspar : continued
Step T (C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
17 863 14 175.083 1212.758 96.8 2.9 6.6276 18.62 0.10
18 894 14 174.349 1228.614 96.6 2.9 6.7318 18.91 0.10
19 925 14 166.581 1206.573 95.5 2.8 6.8342 19.19 0.10
20 956 14 158.673 1193.239 94.2 2.7 7.0003 19.66 0.10
21 987 14 156.512 1240.816 92.5 2.6 7.2413 20.33 0.11
22 1018 14 160.001 1339.603 90.4 2.7 7.4835 21.01 0.11
23 1048 14 166.995 1486.884 88.6 2.8 7.8154 21.93 0.11
24 1079 14 180.301 1716.36 86.9 3.0 8.2052 23.02 0.12
25 1089 14 144.499 1425.774 86.9 2.4 8.4862 23.80 0.12
26 1089 24 169.247 1716.659 86.9 2.8 8.7026 24.41 0.13
27 1089 39 187.247 1986.501 86.5 3.1 8.9946 25.22 0.13
28 1089 59 198.919 2205.724 85.3 3.3 9.2435 25.91 0.13
29 1089 89 215.709 2522.917 83.5 3.6 9.4839 26.58 0.14
30 1089 119 210.529 2602.316 81.6 3.5 9.6960 27.17 0.14
31 1115 44 115.746 1476.163 81.8 1.9 10.1532 28.44 0.15
32 1141 29 125.908 1627.368 82.0 2.1 10.3983 29.12 0.15
33 1200 15 209.115 2795.263 81.7 3.5 10.8711 30.44 0.16
34 1250 15 661.725 8344.515 84.3 11.1 10.6399 29.79 0.15
35 1280 15 850.33 10054.3 86.5 14.2 10.2439 28.69 0.15
36 1320 15 455.839 5362.057 86.6 7.6 10.1658 28.48 0.15
37 1350 15 65.254 817.93 84.6 1.1 10.2378 28.68 0.15
38 1400 15 24.31 341.011 83.9 0.4 10.7119 29.99 0.22
Total gas age = 24.83 0.11
GC-21, biotite, 11.22mg, J = 0.001590 ± 0.5%
4 amu discrimination = 1.01919 + 0.31%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ±: 1.65%, 39/37Ca = 0.0007052 + 1.83%
step T (C) t (min.) 39Ar 40 Ar %40Ar* % 39 Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 620 12 86.388 6835.426 17.3 3.7 13.7423 39.00 0.96
2 650 12 105.79 1696.247 49.9 4.5 7.9943 22.79 0.19
3 690 12 181.448 1951.409 72.9 7.8 7.8376 22.34 0.16
4 725 12 255.881 2361.451 83.9 11.0 7.7366 22.06 0.15
5 760 12 263.141 2376.079 85.9 11.3 7.7560 22.11 0.15
6 800 12 194.843 1948.774 78.8 8.3 7.8672 22.43 0.16
7 860 12 169.563 2344.103 60.4 7.3 8.3499 23.79 0.18
8 925 12 192.039 2535.154 63.0 8.2 8.3026 23.66 0.18
9 985 12 435.415 4000.987 84.0 18.7 7.7200 22.01 0.15
10 1030 12 295.897 2519.153 90.4 12.7 7.6837 21.91 0.14
11 1070 12 106.307 914.5 89.9 4.6 7.6385 21.78 0.15
12 1115 12 38.878 348.241 89.5 1.7 7.7059 21.97 0.15
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GC-21 : Biotite : continued 
step T (C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
13
14
1170
1400
12
12
6.625
2.333
77.722
75.726
84.7
45.6
0.3
0.1
8.0444 
11.6006 
Total gas age = 
no plateau
22.93
32.97
23.01
0.25
0.60
0.13
GC-22, muscovite, 10.52 mg, J = 0.001607 ± 0.5%
4 amu discrimination = 1.01358 ± 0.28%, 40/39K = 0.000 ± 0.0002% 
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T(C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 650 12 43.043 1332.184 29.5 1.6 8.9970 25.90 0.33
2 700 12 49.266 692.185 55.8 1.9 7.5752 21.83 0.16
3 750 12 84.198 1040.624 63.6 3.2 7.6181 21.95 0.16
4 795 12 140.702 1693.081 64.2 5.3 7.5937 21.88 0.16
5 830 12 242.755 2690.825 68.0 9.2 7.4652 21.51 0.15
6 865 12 376.82 3400.3662 81.8 14.2 7.3301 21.13 0.14
7 900 12 403.952 3374.859 87.4 15.2 7.2520 20.90 0.13
8 940 12 367.272 3130.599 86.1 13.8 7.2520 20.90 0.13
9 980 12 283.388 2552.437 82.1 10.7 7.2841 21.00 0.14
10 1035 12 198.765 1973.769 75.7 7.5 7.3682 21.24 0.15
11 1085 12 166.419 1701.637 74.4 6.3 7.4289 21.41 0.14
12 1140 12 221.265 1937.967 87.6 8.3 7.4722 21.53 0.14
13 1200 12 72.791 614.116 97.0 2.7 7.4516 21.48 0.13
14 1400 12 2.38 96.91 94.6 0.1 12.8227 36.80 0.41
Total gas age = 21.32 0.13
plateau age = 20.98 0.13
(steps 6-9)
GC-23, phlogopite, 14.58 mg, J := 0.001605 ± 0.5%
4 amu discrimination = 1.01919 ± 0.31%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ±: 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T(C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) Is.d.
1 620 12 36.497 3288.309 15.4 1.1 13.8874 39.77 0.83
2 650 12 30.489 1064.504 34.4 0.9 11.9394 34.24 0.39
3 690 12 78.974 1824.338 45.6 2.4 10.5331 30.24 0.27
4 725 12 134.615 2283.166 59.9 4.1 10.1549 29.17 0.22
5 760 12 176.893 2447.141 71.7 5.4 9.9233 28.51 0.22
6 800 12 186.341 2436.635 77.1 5.7 10.0826 28.96 0.20
7 860 12 236.492 3198.118 74.5 7.3 10.0816 28.96 0.20
8 925 12 259.677 3279.786 79.9 8.0 10.0868 28.97 0.20
9 985 12 411.187 4930.221 83.3 12.6 10.0061 28.74 0.19
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GC-23 : phlogopite : continued
step T(C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) ls.d.
10 1030 12 487.629 5412.621 90.5 15.0 10.0595 28.90 0.19
11 1070 12 372.19 4091.553 92.1 11.4 10.1311 29.10 0.19
12 1115 12 378.577 4185.82 92.1 11.6 10.1956 29.28 0.19
13 1170 12 419.045 4563.664 94.0 12.9 10.2444 29.42 0.19
14 1230 12 39.13 454.876 94.6 1.2 10.6806 30.66 0.20
15 1400 12 6.457 157.547 83.9 0.2 18.3234 52.29 0.39
Total gas age = 29.29 0.17
plateau age = 28.92 0.17
(steps 4-11)
GC-24, muscovite, 12.42 mg, J = 0.001607 ± 0.5%
4 amu discrimination = 1.01358 ± 0.28%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T(C) t (min.) 39Ar 40 Ar %40Ar* % 39 Ar rlsd 40Ar*/39ArK Age (Ma) ls.d.
1 650 12 24.023 954.04 49.0 0.9 18.9816 54.21 0.45
2 690 12 22.889 523.55 75.8 0.8 16.5475 47.35 0.32
3 725 12 30.153 676.49 81.1 1.1 17.3238 49.54 0.32
4 760 12 40.932 969.07 81.6 1.5 18.6821 53.37 0.35
5 800 12 64.909 1693.89 80.6 2.3 20.6762 58.97 0.38
6 840 12 152.718 3975.34 88.4 5.4 22.8821 65.15 0.41
7 880 12 353.89 8755.31 95.3 12.6 23.5436 67.00 0.41
8 925 12 465.059 10631.38 96.7 16.6 22.0847 62.92 0.38
9 975 12 301.867 6496.83 96.1 10.8 20.5967 58.75 0.36
10 1025 12 231.241 5096.92 95.4 8.2 20.9000 59.60 0.37
11 1070 12 220.667 5016.05 95.6 7.9 21.6017 61.56 0.38
12 1115 12 264.578 6093.38 96.2 9.4 22.0508 62.82 0.38
13 1170 12 365.63 8261.01 97.5 13.0 21.9558 62.56 0.38
14 1230 12 215.687 4677.24 98.4 7.7 21.1354 60.26 0.37
15 1400 12 52.627 1786.10 95.0 1.9 30.9157 87.47 0.53
Total gas age = 62.35 0.32
no plateau
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GC-25, muscovite, 12.36mg, J = 0.001599 ± 0.5%
4 amu discrimination = 1.01919 ± 0.31%, 40/39K = 0.000 ± 0.0002%
36/37Ca = 0.0002768 ± 1.65%, 39/37Ca = 0.0007052 ± 1.83%
step T (C) t (min.) 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) ls.d.
1 650 12 38.883 1956.427 21.4 1.4 10.7802 30.83 0.48
2 750 12 114.698 1471.582 63.4 4.1 8.1140 23.26 0.17
3 825 12 211.083 2306.86 74.6 7.6 8.1530 23.37 0.16
4 900 12 925.843 8806.091 86.5 33.4 8.2509 23.65 0.16
5 930 12 237.754 2191.489 88.1 8.6 8.0996 23.22 0.15
6 965 12 153.939 1488.694 84.8 5.6 8.1537 23.37 0.16
7 1015 12 148.747 1469.822 83.8 5.4 8.1814 23.45 0.16
8 1090 12 357.989 3359.04 88.0 12.9 8.2562 23.66 0.16
9 1170 12 576.424 4995.745 95.3 20.8 8.2706 23.70 0.15
10 1240 12 6.335 103.277 79.9 0.2 11.1848 31.98 0.32
11 1400 12 1.252 330.318 76.0 0.0 194.1297 
Total gas age =
487.72
23.89
3.08
0.14
no plateau
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